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Abstract

Research shows that psychological time (i.e., the subjective experience and assessment of

the passage of time) is malleable and that the central nervous system re-calibrates temporal

information in accordance with situational factors so that psychological time flows slower or

faster. Observed motion-speed (e.g., the visual perception of a rolling ball) is an important

situational factor which influences the production of time estimates. The present study

examines previous findings showing that observed slow and fast motion-speed during video

playback respectively results in over- and underproductions of intervals of time. Here, we

investigated through three separate experiments: a) the main effect of observed motion-

speed during video playback on a time production task and b) the interactive effect of the

frame rate (frames per second; fps) and motion-speed during video playback on a time pro-

duction task. No main effect of video playback-speed or interactive effect between video

playback-speed and frame rate was found on time production.

Introduction

Psychological time is a fascinating and poorly understood evolutionary adaptation and denotes

the subjective experience and assessment of the passage of time. Contemporary research sug-

gests that psychological time is associated with many aspects of human cognition (both within

and across sense modalities), action (one’s own and other’s), and emotion [1–7]. It has been

shown that psychological time is malleable and that the central nervous system (CNS) re-cali-

brates information in accordance with internal and external factors so as to flow slower or

faster [1, 3, 8]. In other words, there seems to be a flexible temporal system within the CNS

which adapts to situational influences. Moreover, there are many models describing how the

CNS might manage and measure the rate of psychological time; ranging from neurologically

based descriptions of an ‘internal clock’ to purely cognitive descriptions, but there is as yet no

clear consensus regarding how the mechanisms within the CNS assess temporal information

[9–13].

An important situational factor which has been shown to influence subjective time is

observed motion [3, 14–17]. It has, for example, been found that the psychological experience

of duration lengthens, or dilates, when observing a stimulus that is moving (e.g., a rolling ball)
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compared with observing a stimulus that is stationary or moving more slowly [15–17]. The

aim of the present study was to examine the connection between perceived motion and time

production. This was achieved by studying the effect of motion speed on subjective time

through a supra-second (i.e., more than one second long) production task where individuals

were asked to continuously produce intervals of time by pressing a keyboard key every a nine

seconds (see Experiment 1: Method).

Motion and time estimation

It has been shown that time production (i.e., producing intervals of time) and estimation (i.e.,

assessing time intervals) is affected by both actual motion and implied motion; an example of

implied motion is a static image of an object which only appears to be in motion [18]. Further-

more, the importance of motion with regard to time estimation and the production of time

estimates can perhaps best be understood from an evolutionary perspective. From such a per-

spective it has been assumed that selective pressures during our natural history has given rise

to a temporal system that takes into account the flow of the external world and readjusts

accordingly [3, 14]. For example, the human ability to estimate the distance of an oncoming

threat and the time it will take to run away from or be caught up by that threat. In other words,

the prediction and timing of coming events requires an assessment of both space and time.

An investigation of the above mentioned association between motion-speed and time pro-

duction can be found in a conference abstract by Eagleman [14], the full study of which has

not been published. In this abstract the author reports an investigation of the effects of

motion-speed on a duration judgment task. Here the manipulation of motion-speed was

achieved with the help of slow and normal video playback-speed of a movie-sequence depict-

ing natural biological motion. In other words, video playback-speed of motion was treated as

equal to motion-speed because increased or decreased video playback depicting motion

resulted in increased and decreased motion-speed. Eagleman [14] concluded that slow-motion

video playback resulted in the judgement of a flash to be shorter in duration compared with a

flash with the same duration during normal video playback. Furthermore, no such differences

in duration judgments were found when the frames and pixels of the video sequences were

scrambled. The results were interpreted as a demonstration of the central nervous system’s

ability to recalibrate the inner flow of time in accordance with the perceived motion-speed in

the external environment so as to be able to make spatiotemporal predictions with regard to

the observed motion. Moreover, in a study by Grivel, Bernasconi, Manuel, Murray, and

Spierer [19], video playback-speed was used to investigate the effect of motion on time produc-

tion. Here, slow-, normal-, and fast playback of a video sequence depicting people walking

across a square was used to investigate the effect the different video playback speeds had on

time production. The investigators found that the production of time intervals was influenced

by the speed of video playback so that fast speed resulted in underproductions of intervals of

time compared with slow speed, which resulted in overproductions of time. The difference

between the two mentioned studies is the task utilized, the former being a duration judgement

task and the latter being a production task. It should however be noted that both used prospec-

tive designs (i.e., the participants knew beforehand that they would be estimating time) [1, 20–

22]. In sum, both studies suggest that psychological time is influenced by the observed

motion-speed during video playback.

Observed motion as distinguishable events

An additional association between psychological time and observed motion is evident in the

view put forward by Fraisse [23], who suggested that motion should be understood as the

As time passes by: Observed motion-speed and psychological time during video playback
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noticeable changes between distinguishable events. In other words, the perception of motion is

the result of seeing a succession of different events (e.g., seeing a ball that rolls from one side of

a room to another can be understood as seeing a sequential display of multiple images repre-

senting the ball’s trajectory). Fraisse [23] also stated that increasing the number of observed

distinguishable changes dilates the perceived passage of time and viewed this as an indication

that the CNS interprets more changes in events as more time having passed. In accordance

with this view, one might posit that a higher density of successive events increases the per-

ceived duration of the passage of time because the CNS gauges time in accordance with the

amount of changes observed [16, 24]. According to Fraisse’s interpretation, one could infer

that the effect found in previous studies between video playback-speed and time production is

due to the perception of changes in events. That is, fast playback is perhaps perceived as

including more event changes, whereas slow playback is perhaps perceived as including less

event changes.

A further indication of the association between event changes and the perception of motion

is a study by Kanai, Paffen, Hogendoorn, and Verstraten [25] in which the authors explored,

among other aspects, the association between event changes and time estimation. They found

that a higher frequency of flickering of a stimulus influenced time estimation so that time esti-

mates were dilated. They interpreted their results as showing that it is temporal frequency

rather than motion-speed which influences time estimation. However, Kaneko and Murakami

[26] later contested these results by providing support for the notion that it is indeed the

motion-speed that indexes time and not simply temporal frequency. Lastly, in a study by van

Rijn [27] it was shown that there is a link between observed visual changes and temporal dila-

tion. The experiment entailed observing, from a first-person perspective, a car in high speed

motion and making judgements of the duration of the observed sequence. The results showed

that the increased observed speed increased the number of observed contextual changes, and

van Rijn [27] concluded that visual changes are associated with temporal processing. In sum,

research suggests that there is an association between psychological time and the observed

motion-speed of events and that the perception of motion and time are perhaps also linked to

the number of perceived changes of events.

Motion and frame rates in film

Considering the above raised aspects, one way of further exploring the association between

time production and observed motion would be to investigate how noticeable changes of

events and motion-speed interactively affect the production of intervals of time. Such an explo-

ration might be compared with how a more fluid and less segmented observable motion influ-

ences time production. A novel way of conducting such an investigation would be to explore

how higher versus lower frame rates (frames per second: fps) of video sequences depicting

observable motion affect time production. In the context of motion picture, the term “frames

per second” refers to the rapidity with which images are either successively captured or dis-

played [28]. In cinematographic movies the conventional recording and displaying rates are

24 fps or 25 fps. For the purposes of this study, and for the sake of clarity, the term “frames per

second” will only be used to denote the speed at which film has been recorded and the terms

“playback speed” and “motion speed” will be used to denote the speed at which the film is dis-

played. In this context, the terms “playback speed” and “motion speed” are interchangeable

due to the fact that motion speed is the same as the speed at which the video sequence is dis-

played. The reason for focusing on both the number of frames used to record a video sequence

(fps) and the rate at which it is displayed (i.e., playback speed or motion speed) is because it is

known that higher fps will lead to a smoother visual perception of motion compared with

As time passes by: Observed motion-speed and psychological time during video playback
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lower fps, which will lead to a more uneven visual perception of motion [29]. To the best of the

authors’ knowledge there have been no studies which have expanded on the reported effects of

video playback-speed on time production. Nor has there been any examination of the interac-

tive effect between fps used to record a video sequence and the video playback speed on time

production.

The current study

The aims of the current study were to experimentally investigate: 1) the main effect of observed

motion-speed during video playback on time production and 2) the interactive effect of fps

and motion-speed on time production. The first aim was to conceptually replicate previous

findings [14, 19] and the second was to further investigate if the effects of video playback speed

on time production is caused by the perceptual difference of event changes between slower

and faster playback. In order to achieve these goals, three experiments were designed and con-

ducted. Experiment 1 (n = 28) included three conditions of motion-speed, that is, slow play-

back (80%), normal playback (100%), and fast playback (120%). Experiment 2 (n = 57) was

comprised of the same three conditions of motion-speed presented with two levels of fps

(25 fps and 50 fps). Experiment 3 (n = 29) included a baseline measure and three conditions of

motion-speed (i.e., slow playback; 80%, normal playback; 100%, and fast playback; 120%).

Taken together, these experiments enabled us to estimate, and independently replicate, a

general effect of motion-speed on the production of intervals of time. More specifically, the

produced intervals of time were compared between conditions in order to ascertain if the sub-

jective interval productions were over- or underproductions. The hypotheses of Experiment 1

and 3 were that slow and fast video playback-speeds would result in over- and underproduc-

tions of time, respectively. The postulates of Experiment 2 were the same as Experiment 1and

3 but with the additional hypothesis that fps and video playback-speed would have an interac-

tive effect on time production. It was hypothesized that the interactive effect would result in

low fps giving rise to a more uneven visual perception in all conditions of video playback (i.e.,

slow, normal, and fast) compared with high fps in all conditions. The uneven visual perception

of motion was believed to result in more noticeable changes of events and, therefore, to be

interpreted by the CNS as more time having passed. The expectation was that the uneven rate

of motion would result in clearer underproduction of time.

Experiment 1

The aim of the first experiment was to investigate, as a conceptual replication of previous evi-

dence [19], how three conditions of motion-speed during video playback (i.e., slow(80%), nor-

mal(100%), and fast(120%)), depicting observable motion, influence the production of nine-

second intervals of time. The hypotheses were based on previous findings [19] and were: a)

that slow playback-speed would result in overproductions of nine-second intervals compared

with the normal condition and b) that fast playback-speed would result in underproductions

of nine-second intervals compared with the normal condition.

Method

Participants. A convenience sample of 30 Swedish-speaking Finnish students (including

24 women and 6 men; age range 20 to 30) at Åbo Akademi University participated in the

experiment. Participants were recruited via e-mail or were asked to join while visiting the uni-

versity canteen. Participants were randomized into three separate experimental conditions

(see Experiment 1: Procedure). All participants gave their informed consent before taking

part in the experiment. After completion, all participants received one cinema ticket each.

As time passes by: Observed motion-speed and psychological time during video playback
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Ethics statement. The current study, including Experiments 1, 2 and 3, was approved by

the Ethical Committee at the Department of Psychology and Logopedics at Åbo Akademi

University.

Measures. Prior to the experiment, three self-assessment forms were administered in

order to investigate factors previously shown to influence timing tasks (e.g., tiredness, anxiety,

and psychopathology) [7]. Psychopathology and psychological symptoms were measured

using a Swedish translation of the Symptom Checklist 90 (SCL 90) [30, 31], which includes the

following variables: Global Severity Index, Positive Symptom Distress Index, Phobic Anxiety,

Obsessive-Compulsive, Paranoid Ideation, Psychoticism, Interpersonal Sensitivity, Depres-

sion, Anxiety, Hostility/Anger, and Somatization.

Levels of state anxiety were assessed using 20 items from the State Trait Anxiety Inventory

(STAI), which had been translated into Swedish from English [32]. The 20 items were taken

from the State-scale of the questionnaire and were divided into two sets of 10 items. Each par-

ticipant answered 10 pre-test questions and 10 post-test questions, which resulted in three var-

iables: 1) the pre-test scores (10 questions), 2) the post-test scores (10 questions), 3) and the

pre- and post-test scores combined (20 questions).

Furthermore, time orientation was measured using a Swedish translation of the Zimbardo

Time Perspective Inventory (S-ZTPI) [33, 34]. Time orientation was included in order to

investigate differences in the production of time intervals depending on how individuals relate

to the past, the present, and the future. The inventory used in the first experiment was based

on the original five variables used by Zimbardo and Boyd [34]: Past Positive Orientation, Past

Negative Orientation, Present Fatalistic Orientation, Present Hedonistic Orientation, and

Future Orientation.

Stimulus. The stimulus used in Experiment 1 was a video sequence that was captured

with a Sony Handycam (DCR-PC 350 E), which uses 25 fps as the standard recording and

playback-speed. The original video was approximately 20 minutes in length and was recorded

from the second floor of an indoor market space (i.e., the sequence was captured from above

and the camera angle was tilted slightly downwards). The video resolution was 320 x 240 pixels

and the video sequence depicted people walking back and forth through an indoor market

place a circumscribed space. The stimuli were presented without audio on a 2.8 GHz iMac

computer with a 24-inch LED-monitor and controlled by the software Presentation (version

12.1.) The display resolution for the video playback was 800 x 1280 pixels; a result of increasing

the size of the original video (i.e., 320 x 240 pixels) in order to facilitate a greater visual experi-

ence of the recorded video.

Due to the difference in motion-speed in the three conditions, that is, slow (80%), normal

(100%), and fast (120%) and because a fixed 12 minute duration was chosen for the presented

video sequences, there was also a difference in the number of frames viewed throughout

the 12 minutes of video playback in each condition. That is, there was a difference in the

overall content due to the different playback-speeds. This meant that although all conditions

included a 12-minute video sequence, the slow condition contained a total of 14400 frames,

the normal condition contained a total of 18000 frames, and the fast condition contained a

total of 21600 frames. This difference in total number of frames was achieved by editing the

original 20-minute video to fit the three conditions. In other words, the content of each

movie was equal in duration but unequal in the amount of recorded footage shown; those

watching the video sequence with more frames saw more of the uniform movement than

those watching the sequence with fewer frames. This is a difference in content, unlike the dif-

ference in the number of frames used to represent the same content; which was the aim of

the manipulation of the frames in the second experiment (see Experiment 2: Measures). The

authors’ do not know of any previous research on time production in which a video sequence

As time passes by: Observed motion-speed and psychological time during video playback
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of such a long duration (i.e., 12 minutes) has been used. We acknowledge that the choice of

this duration was arbitrary.

Interval duration. The exact length of the target interval of time for the production task

(i.e., nine seconds) was based on previous research indicating important duration boundaries

when studying interval timing [1, 35]. One important distinction is made between sub-second

and supra-second durations. The former is of interest when investigating neurophysiological

mechanisms and the latter in the case of cognitive mechanisms, such as working memory and

attention [1]. Another distinction, made by Fraisse [36], is between the perception of duration

(approximately below three seconds) and the estimation of durations (approximately above

three seconds); which has also received support in later research [37]. Fraisse [36] argued that

shorter durations (i.e., below three seconds and in some cases even below five seconds) might

be experienced as single units and not as separable events in time. In the present experiment,

the target nine-second interval (i.e., a supra-second duration) was chosen because 1) it repre-

sented a duration that was clearly higher than the three and five seconds and 2) engaged, in

accordance with Fraisse [36] and Grondin [1], the cognitive mechanisms involved in the esti-

mation of durations of time. Interestingly, Grivel et al., [19] chose a target interval of 20 sec-

onds, which is potentially problematic as it has been found that there is a linear relationship

between duration and estimation error [2, 38]. It was, therefore, deemed rational to keep the

target interval duration of the present experiments as low as possible but still clearly above the

three to five- second threshold mentioned by Fraisse [36]. To the authors’ knowledge there is

no previous research in which a nine-second target interval in a production task has been

used. We acknowledge that the choice of this duration was arbitrary.

Procedure. A pilot experiment with a within-subject design revealed that the main effect

of motion-speed during video playback was possibly masked by a strong order effect (see Pilot

Experiment in S1 File); therefore, a between-individual design was employed in the present

experiment. Three separate experimental conditions were created. The first condition was a

slow video playback (80% playback-speed), the second was a normal video playback (100%

playback-speed), and the third condition was a fast video playback (120% playback-speed). In

each of the three conditions, 10 participants were instructed to view a video sequence lasting

12 minutes. The task in each condition was to observe a 12-minute low-resolution video

sequence and continuously produce nine-second target intervals. The task was conducted in a

secluded, low stimulus room wearing earplugs and headphones that muted external sounds.

The production of time intervals was achieved by pressing a key on a keyboard every time the

participant perceived that nine seconds had elapsed since the last key press.

Participants were not asked to avoid timing strategies, such as chronometric counting. The

reason for this were twofold: Firstly, timing strategies have been shown to be notoriously diffi-

cult to avoid unless additional tasks are included to block out the possibility of counting or ask-

ing participants not to count [39]. Secondly, the results from the pilot experiment did not

support the notion that there would be a difference if the participants were asked not to count

(see Pilot Experiment in S1 File).

Statistical analyses

Before the main analysis was conducted, 133 outliers were identified and removed. Prior to

removal of outliers there was a total of 2332 produced time estimates and after there was a

total of 2199 produced time estimates. This was accomplished by the use of standardized resid-

uals (z-scores), with a cut off margin of 95% [-1.96 and 1.96], based on the entire sample. This

was a precaution used in order to decrease the risk of measurement error due to inattentive-

ness and boredom during the experiment (e.g., forgetting to press every nine seconds and

As time passes by: Observed motion-speed and psychological time during video playback

PLOS ONE | https://doi.org/10.1371/journal.pone.0177855 June 14, 2017 6 / 21

https://doi.org/10.1371/journal.pone.0177855


instead pressing after a long delay). A further step, which was taken before the main analysis

was conducted, was a clustering of the data. The data was clustered so that three mean time

productions were calculated per individual. These three time productions corresponded to 1)

the beginning (estimate 1; the mean value of all estimates between 0–240 seconds from the

start of the experiment), 2) the middle (estimate 2; the mean value of all estimates between

241–480 seconds), and 3) the end of the video (estimate 3; the mean value of all estimates

between 481–720 seconds). This method was used considering that the total number of obser-

vations (i.e., produced target intervals of time) and the points in time for each observation var-

ied between individuals (an inherent aspect of individuals producing continuous time

intervals). After clustering, investigation showed that the dataset was normally distributed on

each level of the independent variable. A boxplot analysis revealed two additional outliers in

the clustered data distributions (in the first and fourth interquartile groups), which required

the removal of two participants from the fast condition. Subsequent to screening, 28 partici-

pants were included in main analysis; 10 participants in the slow condition, 10 participants in

the normal condition, and 8 participants in the fast condition.

After the clustering of the data the dataset was analyzed using repeated measures ANOVA

with time estimation as a within-subjects factor (estimate 1, estimate 2, and estimate 3) and

condition as a between-subjects factor (slow, normal, fast).

All background variables (i.e., the results from the STAI, the SCL-90, and the S-ZTPI) were

correlated, using Pearson correlation (two-tailed), with the average time productions of all par-

ticipants in order to investigate whether or not there were any associations between the back-

ground data and the outcome data.

Results

The repeated measures ANOVA revealed that the Mauchly’s test of sphericity had been vio-

lated, (χ2(2) = 19.66, p< .0001), and therefore the degrees of freedom were corrected for by

using the Greenhouse-Geisser estimates of sphericity, (ε = 0.64). There was no significant dif-

ference between the three repeated measures (i.e., the three time clusters), F(1.28, 32.07) =

0.43, p = .57, ηp
2 = .02. There was no main effect of condition, F(2, 25) = 0.99, p = .39, ηp

2 =

.07. See Fig 1 for an illustration of the produced mean time estimates per condition and see Fig

2 for an illustration of the produced mean time estimates per repeated measure and per

condition.

The correlation analyses of the background variables (i.e., the results from the STAI, the

SCL-90, and the S-ZTPI) and the produced mean time estimates of all participants yielded no

significant correlations (see S1 Table). For a discussion of the results see “Discussion and

conclusion”.

Experiment 2

The aim of Experiment 2 was to investigate how an interaction between three conditions of

video playback-speed, that is, slow (80%), normal (100%), and fast; (120%) and two levels of

fps (i.e., 25 fps and 50 fps), during the depiction of observable motion, influences the produc-

tion of intervals of time. The hypotheses were: a) that the slow playback-speed when using

either high or low fps would result in overproductions of intervals of time compared with the

normal playback-speed, b) that the fast playback-speed when using either high or low fps

would result in underproductions of intervals of time compared with the normal playback-

speed, c) that the slow playback-speed of 25 fps would give rise to smaller effects of overpro-

duction of intervals of time compared with the slow playback-speed of 50 fps, d) that a fast

playback-speed of 25 fps would result in a greater underproduction of intervals of time

As time passes by: Observed motion-speed and psychological time during video playback
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compared with the fast playback-speed of 50 fps. The predictions were in line with the back-

ground literature of Experiment 1 and the assumption that high and low fps correspondingly

result in smooth and uneven motion [29]. The difference in the perception of motion was

thought to lead, in accordance with an interpretation of Fraisse [23], to the CNS interpreting

the uneven motion as more noticeable changes of events and, therefore, as faster motion,

which in turn would lead to an increase of the effects of underproduction.

Method

Participants. A convenience sample of 60 Swedish-speaking Finnish students (15 men

and 45 women: age range 19 to 29) at Åbo Akademi University participated in the experiment.

The participants were recruited via e-mail or were asked to join whilst visiting the university

canteen. After selection, they were randomized into six separate experimental conditions (see

Experiment 2: Procedure). All the participants gave their informed consent before taking part

in the experiment. After completion, five cinema tickets were randomly allotted to five sepa-

rate individuals (one ticket each) that took part in the experiment.

Measures. Prior to the experiment, a brief self-assessment form was administered in

order to investigate factors shown to influence time production [7]. Experiment 2 differed

from Experiment 1 in that only a single and much simpler questionnaire was employed con-

sisting of a Likert scale ranging from one to five in order to measure three variables: Hunger,

Tiredness, and State of Mind. The down-scaled questionnaire was deemed adequate consider-

ing the time-consuming nature of the questionnaires in Experiment 1 that did not yield any

significant results (see Experiment 1: Results). In the questionnaire used in Experiment 2, the

Fig 1. Illustration of the produced mean time estimates per condition. The slow condition (n = 10, M = 10.54, SE = 0.73), the normal

condition (n = 10, M = 10.21, SE = 0.73) and the fast condition (n = 8, M = 9.06, SE = 0.81). The error bars represent the standard errors

of the mean in each condition.

https://doi.org/10.1371/journal.pone.0177855.g001
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lower value “1” on the scale was defined as: very tired, very hungry, or very sad, and the upper

value “5” on the scale was defined as: very awake, very satisfied, or very happy. Afterwards, par-

ticipants were also asked to verbally account for any strategy that they employed in order to

estimate time during the experiment. This was done in order to acquire exploratory qualitative

data on chronometric strategies and was not part of the statistical analyses. The great majority

replied that they counted, whereas a few said they, for example, visualized a clock ticking.

Stimuli. The stimuli used in Experiment 2 were created from a video sequence that was

captured using a smart phone (Samsung Galaxy Alpha: SM-G850F) with a recording speed

and standard playback-speed of 60 fps and a resolution of 1920 x 1080 pixels. The video was

captured from the second floor of an indoor market space (i.e., the camera angle was filmed

from above and tilted slightly downwards). The same indoor market space was used for both

Experiment 1 and 2 but different angles were used. The video sequence was converted with the

use of a computer software program (Sony Vegas Pro 13) to create two video sequences with

the same duration (eight minutes) and the same content but with a different number of frames.

The first video sequence was converted from 60 fps to 25 fps (resolution 1080 x 720) and the

second sequence was converted from 60 fps to 50 fps (resolution 1080 x 720). In other words,

the two video sequences (25 fps and 50 fps) displayed the exact same sequence of events over

the exact same duration of time, but the number of frames in 25 fps video sequence was

roughly half that of the frames in the 50 fps video sequence. Furthermore, as in Experiment 1,

due to the manipulation of speed, there was a difference in the amount of content viewed per

condition; that is, those in the fast condition saw more overall content of the same video

sequence compared with those in the slow condition (see Table 1). The two video sequences

were then used to create six conditions (see Experiment 2: Procedure) with the help of the

Fig 2. Illustration of the produced mean time estimates per repeated measure and per condition. In the slow condition: Estimate

1; 10.16, estimate 2; 10.68, estimate 3; 10.77. In the normal condition: Estimate 1; 10.24, estimate 2; 10.27, estimate 3; 10.12. In the fast

condition: Estimate 1; 9.04, estimate 2; 8.82, estimate 3; 9.30.

https://doi.org/10.1371/journal.pone.0177855.g002
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software Presentation (version 12.1.) and were presented on a 2.8 GHz iMac computer with a

24-inch LED-monitor with a video playback display resolution of 800 x 1280 pixels.

Procedure. The investigational method of Experiment 2 was largely identical to that of

Experiment 1 when gathering observations, but Experiment 2 differed from Experiment 1 in

four ways: 1) the number of participants was greater, 2) the video quality was higher 3) there

was an additional manipulation of the number of frames used to depict motion, and 4) the

length of the video playback was shorter. The six conditions used in Experiment 2 were as fol-

lows: 1) 25 fps at a slow speed, 2) 25 fps at a normal speed 3) 25 fps at a fast speed, 4) 50 fps at a

slow speed, 5) 50 fps at a normal speed, and 6) 50 fps at a fast speed (Table 1). A total of 60 par-

ticipants were randomly assigned into the six conditions (10 participants per condition) where

they watched an eight minute long high-resolution video sequence. The choice of a shorter

video sequence duration in Experiment 2 (i.e., eight minutes compared with 12 minutes in

Experiment 1) was based on the wish to circumvent possible effects of tiredness due to pro-

longed exposure to the monotonous stimulus. Nevertheless, it was deemed necessary to keep

the duration relatively high in order to retrieve as much information as possible during the

experimental procedure. The eight minute duration was decided to be an adequate shortening

of duration from the previous experiment. There is no evidence to support the notion that this

difference in duration might impair or skew the results.

Statistical analyses

The methods and motivations used for the statistical analyses of the data in Experiment 2 were

almost identical to those outlined for Experiment 1 (see Experiment 1: Statistical analyses).

However, the objectives of the repeated measures ANOVA in Experiment 2 was to investigate

the main effects of condition and fps, as well as their interactive effect, on time production.

Prior to the main analyses we found a total of 130 outliers that were removed from the dataset.

Before removal there was a total of 3020 produced estimates and after removal there was a

total of 2890 produced estimates. Additionally, due to the use of an eight minute long video

sequence in Experiment 2, and not a 12 minute sequence as in Experiment 1, the three time

clusters that were calculated per individual corresponded to 1) estimate 1 (the mean value of

all estimates between 0–160 seconds), 2) estimate 2 (the mean value of all estimates between

161–320 seconds), and 3) estimate 3 (the mean value of all estimates between 321–480 sec-

onds). Furthermore, prior to the main analysis the data was found to be normally distributed

on each level of the independent variables, but three participants had to be removed due to

the detection of outliers for two participants (the same boxplot analysis as in Experiment 1)

and missing values for one participant in the clustered data distributions: two from the 25 fps

fast condition and one from the 50fps fast condition. This resulted in 57 participants being

included in the main analysis; leaving 10 participants in all conditions except for the fast 25 fps

condition (8 participants) and the fast 50 fps condition (9 participants).

Table 1. Duration and frames presented per condition in each of the video sequences used in Experi-

ment 2.

FPS Condition Duration (sec.) Frames presented

25 Fast 480.02 14401

Normal 480.04 12001

Slow 480.03 9601

50 Fast 481.43 28801

Normal 480.03 24001

Slow 480.02 19201

https://doi.org/10.1371/journal.pone.0177855.t001
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Furthermore, all background variables (i.e., hunger, tiredness, and state of mind) were cor-

related, using Pearson correlation (two-tailed), with the average produced time estimates in

order to investigate whether or not there were any associations between the background data

and the outcome data.

Results

The repeated measures ANOVA revealed that the assumption of sphericity was not violated,

(χ2(2) = 2.64, p = .29). The analysis revealed that there was no significant difference between

the repeated measures, F(2, 102) = 0.82, p = .44, ηp
2 = .02. Analyses also revealed that there was

no main effect of condition, F(2, 51) = 1.14, p = .33, ηp
2 = .04, no main effect of fps, F(1, 51) =

0.36, p = .85, ηp
2 < .01, and no interactive effect of condition and fps, F(2, 51) = 0.044, p = .96,

ηp
2 < .01, on time production. Illustrations of the produced mean time estimates per condition

and fps can be found in Fig 3. See also Fig 4 for an illustration of the produced mean time esti-

mates per repeated measure and per condition in the 25 fps setting and Fig 5 for an illustration

of the produced mean time estimates per repeated measure and per condition in the 50 fps

setting.

The correlation analyses of the background variables (i.e., hunger, tiredness, and state of

mind) yielded no significant results (see S2 Table). For a discussion of the results see “Discus-

sion and conclusion”.

Fig 3. Illustration of the produced mean time estimates per condition and frame rate (fps). The slow 25 fps condition (n = 10,

M = 10.08, SE = 0.59), the slow 50 fps condition (n = 10, M = 10.27, SE = 0.63), the normal 25 fps condition (n = 10M = 9.56, SE = 0.59),

the normal 50 fps condition (n = 10, M = 9.76, SE = 0.59), the fast 25 fps condition (n = 8, M = 9.31, SE = 0.63), the fast 50 fps condition

(n = 9, M = 9.188, SE = 0.63). The error bars represent the standard errors of the mean in each condition.

https://doi.org/10.1371/journal.pone.0177855.g003

As time passes by: Observed motion-speed and psychological time during video playback

PLOS ONE | https://doi.org/10.1371/journal.pone.0177855 June 14, 2017 11 / 21

https://doi.org/10.1371/journal.pone.0177855.g003
https://doi.org/10.1371/journal.pone.0177855


Fig 4. Illustration of the produced mean time estimates per repeated measure and per condition in the 25 fps setting. In the slow

condition: Estimate 1; 10.08, estimate 2; 9.89, estimate 3; 10.27. In the normal condition: Estimate 1; 9.44, estimate 2; 9.49, estimate 3;

9.75. In the fast condition: Estimate 1; 9.17, estimate 2; 9.72, estimate 3; 9.03.

https://doi.org/10.1371/journal.pone.0177855.g004

Fig 5. Illustration of the produced mean time estimates per repeated measure and per condition in the 50 fps setting. In the slow

condition: Estimate 1; 10.17, estimate 2; 10.26, estimate 3; 10.39. In the normal condition: Estimate 1; 9.30, estimate 2; 9.98, estimate 3;

9.99. In the fast condition: Estimate 1; 9.46, estimate 2; 9.07, estimate 3; 9.03.

https://doi.org/10.1371/journal.pone.0177855.g005
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Experiment 3

The aim of Experiment 3 was to bridge the gap between Experiments 1 and 2. The gap being

that Experiment 1 used a video sequence that was filmed in much poorer quality compared to

the sequence used in Experiment 2. Furthermore, neither Experiment 1 nor Experiment 2

included a baseline measure which could be used to investigate possible differences between

groups prior to being randomly assigned to one of the three conditions and to investigate if

time production differed during baseline and during experimental condition. The aims and

hypotheses of Experiment 3 were identical to Experiment 1 (see Experiment 1).

Method

Participants. A convenience sample of 30 Swedish-speaking Finnish students (including

18 women and 12 men; age range 17 to 47) at Åbo Akademi University participated in the

experiment. Participants were recruited via e-mail or were verbally asked to join while visiting

the university canteen. Participants were randomized into three separate experimental condi-

tions as in Experiment 1 (see Experiment 1: Procedure). All participants gave their informed

consent before taking part in the experiment. No compensation was given for participation.

Measures. In Experiment 3 the same pretest measures were used as in Experiment 2 (see

Experiment 2: Measures). However, in contrast to Experiment 2, we also included the same

measures at posttest in order to investigate if the test situation significantly altered hunger,

tiredness or state of mind.

Stimuli. The stimulus video used in Experiment 3 was the same 25 fps sequences that was

used in Experiment 2 (see Experiment 2: Stimuli) and the manipulation and duration of the

video sequence was the same as in the 25 fps condition in Experiment 2 (see Experiment 2:

Table 1). For the baseline measure, a single static frame was captured from the normal 25 fps

video sequence. The static image was presented for three minutes during the baseline measure

(see Experiment 3: Procedure).

Procedure. The procedure of Experiment 3 was the same as Experiment 1 except that i)

a three minute baseline measure was included for all participants prior to being randomly

assigned into one of three conditions and ii) the duration of the experiment was eight min-

utes (as in Experiment 2) instead of 12 minutes (as in Experiment 1). During the baseline

measure the participants were asked to sit in front of a computer and continuously produce

time intervals of nine seconds for 3 minutes (with exactly the same instructions as in all con-

ditions of Experiments 1–3).

Statistical analyses

The methods used for the main statistical analyses of the data in Experiment 3 were similar

to those used in Experiment 1 (see Experiment 1: Statistical analyses). The differences were:

i) that a preliminary one-way ANOVA was conducted on the produced time estimates dur-

ing the baseline measure in order to ascertain if there were differences between groups. Also,

ii) the inclusion of a baseline enabled three separate repeated measures ANOVAs to be con-

ducted in order to investigate if there was a significant difference between the mean time

productions in the baseline measure compared with the mean time production of each of the

three conditions.

Initial investigation of the dataset revealed a total of 117 outliers that were consequently

removed prior to analysis. Before removal there was a total of 2196 produced estimates and

after removal there was a total of 2079 produced estimates. Additionally, due to the use of the

same eight minute video sequence as was used in Experiment 2 the data was clustered exactly

the same way as in Experiment 2 (see Experiment 2: Statistical analyses). Examination of the
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dataset after clustering revealed that the data was normally distributed on each level of the

independent variable. Nevertheless, one participant was removed from the fast condition due

to missing data after the data clustering; leaving a total of 29 participants (ten in both the slow

and the normal condition and nine in the fast condition).

All background variables (i.e., hunger, tiredness, and state of mind) were correlated, using

Pearson correlation (two-tailed), with the produced mean time estimates in order to investi-

gate whether or not there was an association between the pretest data and the outcome data.

Lastly, paired sample t-tests were conducted in order to investigate the difference between the

pre- and posttest variables.

Results

The preliminary one-way ANOVA analysis investigating possible differences between groups

in the baseline measure found no significant differences between groups, F(2, 28) = 0.06,

p = .94. The repeated measures ANOVA investigating the effects of condition and produced

time estimates showed that sphericity was not violated, (χ2(2) = 1.864, p = .39). There was a

significant difference between the repeated measures, F(2, 52) = 5.54, p< .01, ηp
2 = .18, but

there was no interactive effect of the repeated measures and condition, F(4, 52) = 0.68, p = .61,

ηp
2 = .05, nor was there a main effect of condition, F(2, 26) = 0.24, p = .79, ηp

2 = .02. The

repeated measures differed significantly between measures 1 and 3 (Mdiff = -0.44, SE = 0.15,

p = .02), but did not differ significantly between measures 1 and 2 (Mdiff = -0.30, SE = 0.14,

p = .13) or between measures 2 and 3 (Mdiff = -0.15, SE = 0.18, p = .66). See Fig 6 for an illustra-

tion of the produced mean time estimates per condition and see Fig 7 for an illustration of the

produced mean times estimates per repeated measure and per condition.

Fig 6. Illustration of the produced mean time estimates per condition. The slow condition (n = 10, M = 9.07, SE = 0.56), the normal

condition (n = 10, M = 9.32, SE = 0.56) and the fast condition (n = 9, M = 9.63, SE = 0.59). The error bars represent the standard errors of

the mean in each condition.

https://doi.org/10.1371/journal.pone.0177855.g006
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The significant difference between the repeated measures 1 and 3 indicated that the pro-

duced time estimates became shorter towards the end of the experiment across all conditions.

Taking this into account, it was deemed prudent to conduct the three planned repeated mea-

sures ANOVAs (one per condition), that investigated the difference between time production

in the baseline measure (static image) with time production in each of the three conditions

(moving video sequence), by only including the first repeated measure of each condition. The

first repeated measure (i.e., estimate 1) represented the produced mean time estimates per per-

son for the first 160 seconds within a given condition. This was considered to be comparable

to the produced mean estimates per person within the three minute (i.e., 180 seconds) baseline

measure. The analyses from the three separate repeated measure ANOVAs revealed that there

were no significant difference between produced time estimates in the baseline measure com-

pared with the fast condition, F(1,9) = 0.19, p = .67, ηp
2 = 0.02, compared with the normal con-

dition, F(1,9) = 1.56, p = .24, ηp
2 = 0.15, or compared with the slow condition, F(1,8) = 1.55,

p = .25, ηp
2 = 0.16.

The correlation analyses of the pre-test variables (i.e., hunger, tiredness, and state of mind)

and mean time production yielded no significant results (see S3 Table). The paired sample t-

tests, investigating the difference between the pre- and posttest variables, yielded no significant

difference for pretest (M = 2.79, SD = 0.74) and posttest (M = 2.64, SD = 0.78) measures of

tiredness; t(27) = 1.44, p = .16, no significant difference for pretest (M = 3.25, SD = 0.93) and

posttest (M = 3.18, SD = 0.95) measures of hunger; t(27) = 1.44, p = .16, but there was a signifi-

cant difference for pretest (M = 3.61, SD = 0.69) and posttest (M = 3.46, SD = 0.58) measures

of state of mind; t(27) = 2.12, p = .04. For a discussion of the results see “Discussion and

conclusion”.

Fig 7. Illustration of the produced mean time estimates per repeated measure and per condition. In the slow condition: Estimate

1; 8.83, Estimate 2; 9.06, Estimate 3; 9.31. In the normal condition: Estimate 1; 8.92, Estimate 2; 9.46, Estimate 3; 9.59. In the fast

condition: Estimate 1; 9.53, Estimate 2; 9.65, Estimate 3; 9.71.

https://doi.org/10.1371/journal.pone.0177855.g007
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Additional analyses

Statistical analyses

Due to the lack of significant results in all three experiments, contrary to previous findings [14,

19], we deemed it logical to create a dataset based on the data from all three experiments and

to conduct a one-way ANOVA in order determine if there was a main effect of condition on

the production of time estimates. The dataset was compiled by using the exact same dataset as

described in the three previous studies; that is, using the same number of produced time esti-

mates and with the same outliers removed. Furthermore, considering that there was no main

effect of fps or an interactive effect between fps and condition or between fps and the repeated

measures in Experiment 2, we disregarded fps in the current analysis. This resulted in a dataset

consisting of a total of 114 participants; 35 in the fast condition, 40 in the normal condition,

and 39 in the slow condition. The data was normally distributed.

Lastly, due to the non-significant results of all experiments, we ran a separate Bayesian

repeated measures ANOVAs on all three experiments and a Bayesian one-way ANOVA on the

pooled data, using the computer software JASP [40], in order to quantify the evidence for the

null hypothesis in all experiments [41].

Results

Results from the one-way ANOVA revealed no significant main effect of condition on time

production, F(2, 113) = 0.96, p = .39. See Fig 8 an illustration of the produced mean time esti-

mates per condition.

Fig 8. Illustration of the produced mean time estimates per condition. The slow condition (n = 39, M = 9.86, SE = 0.30), the normal

condition (n = 40, M = 9.64, SE = 0.34) and the fast condition (n = 35, M = 9.25, SE = 0.27). The error bars represent the standard errors

of the mean in each condition.

https://doi.org/10.1371/journal.pone.0177855.g008
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Results from the Bayesian repeated measures ANOVA yielded the following: Experiment 1:

Condition BF01 = 1.55, Experiment 2: Condition BF01 = 2.05, fps BF01 = 3.88 and the interac-

tion between condition and fps BF01 = 4.14, Experiment 3; Condition BF01 = 1.72. Results

from the Bayesian one-way ANOVA for the pooled data were: Condition BF01 = 5.53. This

analysis revealed that there was more support for the null hypothesis than for the alternative

hypothesis; the alternative hypothesis being that video playback-speed has an effect on time

production. This interpretation of the Bayes factor adheres to the rule that a Bayes factor BF01

(i.e., support for H0 over H1) above 1 is considered weak support for hypothesis one [41].

Discussion and conclusion

Study aims and hypotheses

The aims of the three experiments (Experiment 1, n = 28; Experiment 2, n = 57, Experiment 3,

n = 29) included in this study were to investigate the effect of observed motion-speed through

video playback on time production by manipulating, in Experiment 1 and 3, three conditions

of video playback-speed, that is, slow (80%), normal (100%), and fast (120%), and, in Experi-

ment 2, three conditions of speed (i.e., slow, normal, fast) and two kinds of fps (i.e., 25 fps and

50 fps). The hypotheses of Experiment 1 and Experiment 3(see Experiment 1) were based on

findings from previous studies showing that slow and fast video playback-speeds respectively

result in an over- and underestimations of time [14, 19]. The postulates of Experiment 2 (see

Experiment 2) were deduced from i) the same background information as Experiment 1 con-

cerning the effect of playback-speed on time production, ii) the suggestion that event changes

play a central role in the CNSs assessment of time [23] so that more event changes are inter-

preted as an indication that more time has passed, iii) the fact that a high versus a low frame

rate results in a smooth versus an uneven depiction of motion [29]. In Experiment 2, it was

hypothesized that uneven motion would be perceived as containing more noticeable event

changes compared with smooth motion and so the uneven motion of a low fps stimulus was

thought to influence time production so as to result in greater underproductions of time com-

pared with the influence of a high fps stimulus.

Results and interpretations

Data analyses revealed no significant main effect of condition on time production in any of the

three experiments, nor was there a main effect of fps or an interactive effect between condition

and fps on time production in Experiment 2. Additionally, analyses revealed no significant

correlations between pretest measures and time production in Experiment 1 (i.e., tiredness,

anxiety, time orientation, and psychopathology), Experiment 2 (i.e., tiredness, state of mind,

and hunger), or in Experiment 3 (i.e., tiredness, state of mind, and hunger). Analyses of the

differences between pre- and posttest measures in Experiment 3 did, however, reveal a signifi-

cant difference between pretest state of mind and posttest state of mind; t(27) = 2.12, p = .04.

Nevertheless, the difference in pre- and posttest means were small (pretest; M = 3.61, SD = .69,

posttest; M = 3.46, SD = .58) and since there was no significant correlation between produced

time estimates and state of mind, the difference should perhaps not be interpreted as having

relevance for the interpretations of the main results. Interestingly, analyses of the dataset of

Experiment 3 revealed a significant difference between repeated measures 1 and 3, but not

between measures 1 and 2 or between measures 2 and 3. The direction of the difference indi-

cated that participants tended to produce shorter time estimates towards the end of the experi-

ment. This could perhaps be interpreted as a result of impatience or of estimation becoming

shorter due to repetitious nature of the task. However, similar results were not found in Exper-

iment 1 or Experiment 2 (Experiment 2 also consisting of a much larger sample), which makes
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the result inconclusive. Additionally, it is worth mentioning that in Experiment 3 time produc-

tion did not follow the same overall pattern as in Experiments 1 and 2; that is, in Experiment 3

the slow condition resulted in the shortest time productions in contrast to Experiments 1 and

2 where the slow condition resulted in longest time productions. Lastly, having pooled the data

from all three experiments data analysis revealed no significant main effect of condition on

time production.

The lack of a significant effect of playback-speed on the time production task in all three

experiments was contrary to previous findings [14, 19]. However, the present study differed

from previous studies in that we used a production task where participants continuously pro-

duced nine-second time estimates during video playback, instead of producing only one

20-second time estimate after video playback [19] or comparing the duration of two brief

flashes presented during the video[14]. Importantly, in comparison with Grivel et al. [19],

which included 16 participants, and Eagleman [14], which did not report a sample size, the

present study included a relatively large sample size; that is 28 participants in Experiment 1, 57

participants in Experiment 2, and 29 participants in Experiment 3. Moreover, the present

study employed a more subtle manipulation of playback-speed compared with previous stud-

ies [19]. Grivel et al. [19] used a manipulation of 50% playback-speed (slow condition) and

150% playback-speed (fast condition); whereas in the current study we used a manipulation of

80% (slow) and 120% (fast) playback-speed. The more subtle manipulation of playback-speed

could be a reason for the different findings; that is, using a more drastic manipulation of play-

back-speed might be required in order to produce a noticeable effect on time production. It is

also noteworthy that the general direction of Experiment 1 and Experiment 2, as well as the

direction of the pooled data from all three experiments, follow the pattern of previous findings

[14, 19]; that is that slow video playback tends to result in overproductions of intervals of time

whereas fast playback tends to lead to underproductions of intervals of time. Taking this into

account, it is nevertheless important to note that the results from Experiment 3 were the com-

plete reverse of those found in Experiment 1 and 2, and none of the results in any of the experi-

ments were significant. As to why the observed effect in Experiment 3 was reversed, we can

only speculate. One plausible explanation is that the preliminary baseline measurement

impacted the main experiment, through reactivity and/or chronometric strategy development,

resulting in reduced overall variance. In this scenario, it is possible that the unexpected

observed effect is a product of error variance.

Limitations

The novelty of the current investigation of the effect of observed motion-speed during video

playback on time production was that it examined not only the effects of motion-speed (slow,

normal, and fast) but also the effects of fps (25 fps and 50 fps) and the interaction between fps

and motion-speed, on the production of intervals of time. Understanding how fps and

motion-speed interactively influence the visual observation of motion and how this affects

temporal processing is a crucial step in understanding how motion in the real world influences

time estimation and time production. However, future directions should take into account the

limitations of the present study, which are that the manipulation of playback-speed in all three

experiments was only 20% slower and 20% faster compared to normal playback-speed. It may

be that such a subtle manipulation does not give rise to effects found by previous studies with

more accentuated manipulations of playback-speed [19]. Furthermore, the continuous time

production task might not be the best suited for such an investigation and perhaps a less repet-

itive task, such as a comparison task [14], could be used to better isolate the effects of video

playback-speed on psychological time.
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Conclusion

In conclusion, the results from the present study are an important addition to the field of

research aiming to investigate the effects of observed motion on time production. This is espe-

cially true because investigations into the effect of motion-speed on time production are com-

monly conducted with the aid of computer-simulated stimuli in research laboratories; using

frame rates and playback-speeds to depict motion. Moreover, considering the varied use of dif-

ferent frame rates and speeds when depicting visual stimuli and movement in video games,

cinematography, and virtual reality simulators, it is surprising that so little is known concern-

ing the effects of different amounts of fps and playback-speeds on time production. The results

from the present study indicate that subtle manipulations of video playback-speed or using

higher or lower frame rates to record video sequences do not significantly impact time produc-

tion. Future studies should instead aim to investigate the effects of more accentuated manipu-

lations of video playback-speed on the production of time estimates. It is possible that there

would be an interactive effect between frame rates and playback speed on time production if

both frame rates and playback speeds were manipulated more drastically; based on the hypoth-

esis that subjective time can be indexed by the perception of event changes.
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Author Contributions

Conceptualization: TJN JA EPAK.

Data curation: TJN.

Formal analysis: TJN JA.

Funding acquisition: TJN JA.

Investigation: TJN JA EPAK.

Methodology: TJN JA EPAK.

Project administration: TJN.

Resources: TJN JA.

Software: TJN EPAK.

As time passes by: Observed motion-speed and psychological time during video playback

PLOS ONE | https://doi.org/10.1371/journal.pone.0177855 June 14, 2017 19 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177855.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177855.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177855.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177855.s004
https://doi.org/10.1371/journal.pone.0177855


Supervision: TJN JA.

Validation: TJN JA EPAK.

Visualization: TJN JA EPAK.

Writing – original draft: TJN.

Writing – review & editing: TJN JA EPAK.

References
1. Grondin S. Timing and time perception: A review of recent behavioral and neuroscience findings. Atten

Percept Psychophys. 2010; 72: 561–82. https://doi.org/10.3758/APP.72.3.561 PMID: 20348562

2. Buhusi C, Meck W. What makes us tick? Functional and neural mechanisms of interval timing. Nat Rev

Neurosci. 2005; 6: 755–65. https://doi.org/10.1038/nrn1764 PMID: 16163383

3. Eagleman. Human time perception and its illusions. Curr Opin Neurobiol. 2008; 18: 131–6. https://doi.

org/10.1016/j.conb.2008.06.002 PMID: 18639634

4. van Wassenhove V, Buonomano DV, Shimojo S, Shams L. Distortions of subjective time perception

within and across senses. PLoS One. 2008; 3: e1437. https://doi.org/10.1371/journal.pone.0001437

PMID: 18197248

5. Gavazzi G, Bisio A, Pozzo T. Time perception of visual motion is tuned by the motor representation of

human actions. Sci Rep. 2013; 3:1168. https://doi.org/10.1038/srep01168 PMID: 23378903

6. Rao SM, Mayer AR, Harrington DL. The evolution of brain activation during temporal processing. Nat

Neurosci. 2001; 4: 317–23. https://doi.org/10.1038/85191 PMID: 11224550

7. Droit-Volet S. Time perception, emotions and mood disorders. J Physiol Paris. 2013; 107: 255–64.

https://doi.org/10.1016/j.jphysparis.2013.03.005 PMID: 23542546

8. Eagleman, Tse PU, Buonomano D, Janssen P, Nobre AC, Holcombe AO. Time and the brain: How sub-

jective time relates to neural time. J Neurosci. 2005; 25: 10369–71. https://doi.org/10.1523/

JNEUROSCI.3487-05.2005 PMID: 16280574

9. Allman MJ, Teki S, Griffiths TD, Meck WH. Properties of the internal clock: First- and second-order prin-

ciples of subjective time. Annu Rev Psychol. 2014; 65: 743–71. https://doi.org/10.1146/annurev-psych-

010213-115117 PMID: 24050187

10. Block R, Gruber R. Time perception, attention, and memory: A selective review. Acta Psychol (Amst).

2014; 149: 129–33.

11. Block RA, Hancock PA, Zakay D. How cognitive load affects duration judgments: A meta-analytic

review. Acta Psychol (Amst). 2010; 134: 330–43.

12. Eisler H. Experiments on subjective duration 1968–1975: A collection of power function exponents. Psy-

chol Bull. 1976; 83: 1154–71. PMID: 996212

13. Matell MS, Meck WH. Cortico-striatal circuits and interval timing: Coincidence detection of oscillatory

processes. Brain Res Cogn Brain Res. 2004; 21: 139–70. https://doi.org/10.1016/j.cogbrainres.2004.

06.012 PMID: 15464348

14. Eagleman. Time perception is distorted during slow motion sequences in movies. Journal of Vision.

2004; 4: 491–491.

15. Brown J. On time perception in visual movement fields. Psychol Forsch. 1931; 14: 233–248.

16. Brown SW. Time, change, and motion: The effects of stimulus movement on temporal perception. Per-

cept Psychophys. 1995; 57: 105–16. PMID: 7885802

17. Tomassini A, Gori M, Burr D, Sandini G, Morrone MC. Perceived duration of visual and tactile stimuli

depends on perceived speed. Front Integr Neurosci. 2011; 5: 51. https://doi.org/10.3389/fnint.2011.

00051 PMID: 21941471

18. Zago M, Carrozzo M, Moscatelli A, Lacquaniti F. Time, observation, movement. Cogn Crit. 2011; 4:

61–86.

19. Grivel J, Bernasconi F, Manuel AL, Murray MM, Spierer L. Dynamic calibration of our sense of time.

Neuropsychologia. 2011; 49: 147–50. https://doi.org/10.1016/j.neuropsychologia.2010.11.004 PMID:

21078333

20. Zakay D, Block RA. Temporal cognition. Curr Dir Psychol Sci. 1997; 6: 12–6.

21. Block RA. Cognitive models of psychological time. In: Block RA editor. 1st ed. Psychology Press; 1990.

p. 1–35.

As time passes by: Observed motion-speed and psychological time during video playback

PLOS ONE | https://doi.org/10.1371/journal.pone.0177855 June 14, 2017 20 / 21

https://doi.org/10.3758/APP.72.3.561
http://www.ncbi.nlm.nih.gov/pubmed/20348562
https://doi.org/10.1038/nrn1764
http://www.ncbi.nlm.nih.gov/pubmed/16163383
https://doi.org/10.1016/j.conb.2008.06.002
https://doi.org/10.1016/j.conb.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18639634
https://doi.org/10.1371/journal.pone.0001437
http://www.ncbi.nlm.nih.gov/pubmed/18197248
https://doi.org/10.1038/srep01168
http://www.ncbi.nlm.nih.gov/pubmed/23378903
https://doi.org/10.1038/85191
http://www.ncbi.nlm.nih.gov/pubmed/11224550
https://doi.org/10.1016/j.jphysparis.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23542546
https://doi.org/10.1523/JNEUROSCI.3487-05.2005
https://doi.org/10.1523/JNEUROSCI.3487-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16280574
https://doi.org/10.1146/annurev-psych-010213-115117
https://doi.org/10.1146/annurev-psych-010213-115117
http://www.ncbi.nlm.nih.gov/pubmed/24050187
http://www.ncbi.nlm.nih.gov/pubmed/996212
https://doi.org/10.1016/j.cogbrainres.2004.06.012
https://doi.org/10.1016/j.cogbrainres.2004.06.012
http://www.ncbi.nlm.nih.gov/pubmed/15464348
http://www.ncbi.nlm.nih.gov/pubmed/7885802
https://doi.org/10.3389/fnint.2011.00051
https://doi.org/10.3389/fnint.2011.00051
http://www.ncbi.nlm.nih.gov/pubmed/21941471
https://doi.org/10.1016/j.neuropsychologia.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21078333
https://doi.org/10.1371/journal.pone.0177855


22. Block RA, Zakay D. Prospective and retrospective duration judgments: A meta-analytic review. Psy-

chon Bull Rev. 1997; 4: 184–97. https://doi.org/10.3758/BF03209393 PMID: 21331825

23. Fraisse P. The psychology of time. New York, NY: Harper and Row; 1963.

24. Poynter D. Judging the duration of time intervals: A Process of Remembering Segments of Experience.

Adv Psychol. 1989; 59: 305–331.

25. Kanai R, Paffen CL, Hogendoorn H, Verstraten FA. Time dilation in dynamic visual display. J Vis. 2006;

6: 1421–30. https://doi.org/10.1167/6.12.8 PMID: 17209745

26. Kaneko S, Murakami I. Perceived duration of visual motion increases with speed. J Vis. 2009; 9: 14.

27. van Rijn H. It’s time to take the psychology of biological time into account: Speed of driving affects a

trip’s subjective duration. Front Psychol. 2014; 5: 1028. https://doi.org/10.3389/fpsyg.2014.01028

PMID: 25278918

28. Watson AB. High frame rates and human vision: A view through the window of visibility. SMPTE Mot

Imag J. 2013; 122: 18–32.

29. Hulusic V, Debattista K, Chalmers A. Smoothness perception: investigation of beat rate effect on frame

rate perception. Vis Comput. 2013; 29: 1159–72.

30. Derogatis LR, Lipman RS, Covi L. SCL-90: An outpatient psychiatric rating scale—preliminary report.

Psychopharmacol Bull. 1973; 9: 13–28. PMID: 4682398

31. Fridell M, Cesarec Z, Johansson M, Malling ST. Svensk normering, standardisering och validering av

symtomskalan SCL-90. 2002; 11: 17. Available: http://www.stat-inst.se/pagefiles/678/scl90-svensk-

normering-standardisering-och-validering-av-symtomskalan.pdf

32. Spielberger CD, Gorsuch RL, Lushene RE. Test manual for the state trait anxiety inventory. Palo Alto,

California: Consulting Psychologists Press, 1970.

33. Carelli MG, Wiberg B, Wiberg M. Development and construct validation of the swedish Zimbardo time

perspective inventory. Eur J Psychol Assess. 2011; 27: 220–7.

34. Zimbardo P, Boyd J. Putting time in perspective: A valid, reliable individual-differences metric. J Pers

Soc Psychol. 1999; 77: 1271–1288.

35. Wittmann M. Moments in time. Front Integr Neurosci. 2011; 5: 66. https://doi.org/10.3389/fnint.2011.

00066 PMID: 22022310

36. Fraisse P. Perception and estimation of time. Annu Rev Psychol. 1984; 35: 1–36. https://doi.org/10.

1146/annurev.ps.35.020184.000245 PMID: 6367623

37. Ulbrich P, Churan J, Fink M, Wittmann M. Temporal reproduction: Further evidence for two processes.

Acta Psychol (Amst). 2007; 125: 51–65.

38. Buhusi CV, Oprisan SA. Time-scale invariance as an emergent property in a perceptron with realistic,

noisy neurons. Behav Processes. 2013; 95: 60–70. https://doi.org/10.1016/j.beproc.2013.02.015

PMID: 23518297

39. Rattat A-C, Droit-Volet S. What is the best and easiest method of preventing counting in different tempo-

ral tasks? Behav Res Methods. 2012; 44: 67–80. https://doi.org/10.3758/s13428-011-0135-3 PMID:

21789731

40. JASP Team (2016). JASP (Version 0.8.0.1)[Computer software].

41. Jarosz AF, Wiley J. What are the odds? A practical guide to computing and reporting Bayes Factors. J

Probl Solving. 2014; 7:2–9.

As time passes by: Observed motion-speed and psychological time during video playback

PLOS ONE | https://doi.org/10.1371/journal.pone.0177855 June 14, 2017 21 / 21

https://doi.org/10.3758/BF03209393
http://www.ncbi.nlm.nih.gov/pubmed/21331825
https://doi.org/10.1167/6.12.8
http://www.ncbi.nlm.nih.gov/pubmed/17209745
https://doi.org/10.3389/fpsyg.2014.01028
http://www.ncbi.nlm.nih.gov/pubmed/25278918
http://www.ncbi.nlm.nih.gov/pubmed/4682398
http://www.stat-inst.se/pagefiles/678/scl90-svensk-normering-standardisering-och-validering-av-symtomskalan.pdf
http://www.stat-inst.se/pagefiles/678/scl90-svensk-normering-standardisering-och-validering-av-symtomskalan.pdf
https://doi.org/10.3389/fnint.2011.00066
https://doi.org/10.3389/fnint.2011.00066
http://www.ncbi.nlm.nih.gov/pubmed/22022310
https://doi.org/10.1146/annurev.ps.35.020184.000245
https://doi.org/10.1146/annurev.ps.35.020184.000245
http://www.ncbi.nlm.nih.gov/pubmed/6367623
https://doi.org/10.1016/j.beproc.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23518297
https://doi.org/10.3758/s13428-011-0135-3
http://www.ncbi.nlm.nih.gov/pubmed/21789731
https://doi.org/10.1371/journal.pone.0177855

