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Abstract
The biases affecting people’s perception of dynamic stimuli are typically robust and strong for specific stimulus configura-
tions. For example, representational momentum describes a systematic perceptual bias in the direction of motion for the final 
location of a moving stimulus. Under clearly defined stimulus configurations (e.g., specific stimulus identity, size, speed), 
for example, the frequently used “implied motion” trial sequence, for which a target is subsequently presented in a consist-
ent direction and with a consistent speed, a displacement in motion direction is evidenced. The present study explores the 
potential influence of expectations regarding directional as well as speed consistencies on representational momentum, elic-
ited by including other, inconsistently moving trial types within the same experimental block. A systematic representational 
momentum effect was observed when only consistent motion trials were presented. In contrast, when inconsistent target 
motion trials were mixed within the same block of experimental trials, the representational momentum effect decreased, or 
was even eliminated (Experiments 1 & 2). Detailed analysis indicated that this reflects a global (proportion of consistent 
and inconsistent motion trials within a particular experimental block), not local (preceding trial influencing actual trial) 
effect. Yet, additional follow-up studies (Experiments 3 & 4) support the idea that these changes in perceived location are 
strongly influenced by the overall stimulus speed statistics in the different experimental blocks. These results are discussed 
and interpreted in light of recent theoretical developments in the literature on motion perception that highlight the importance 
of expectations about stimulus speed for motion perception.
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Introduction

In our everyday lives, we are surrounded by stimuli that 
change and move. As such, it is perhaps unsurprising that 
the perception of dynamic information has been inves-
tigated by researchers for more than a century (Fröhlich, 
1923; Wertheimer, 1912). Yet, to date, the mechanisms 
underlying the perception of dynamic information are still 
unclear, and a number of different accounts have been put 
forward to explain several of the fundamental biases that 
have been shown to affect the perception of moving stimuli 

(Angelaki et al., 2004; Hubbard, 2010; Jancke & Erlhagen, 
2010; Merz et al., 2022; Pei & Bensmaia, 2014; Weiss & 
Adelson, 1998). One of these biases, the so-called represen-
tational momentum phenomenon, is a typical forward shift, 
for which the final location of a stimulus is misperceived in 
the direction of motion (Freyd & Finke, 1984). To date, this 
phenomenon has been extensively investigated and several 
moderating influences have been observed (Hubbard, 2014, 
2018), and different theoretical frameworks have been pro-
posed (for an extensive review, see Hubbard, 2010; for our 
new approach, see Merz et al., 2022). The present study 
adds a new influence on the representational momentum 
phenomenon, namely expectations regarding the stimulus 
characteristics within a given experimental block, by using 
one of the main motion patterns known in the literature, the 
implied motion sequence.

The implied motion stimuli that have typically been used 
in the representational momentum literature involve a tar-
get stimulus (e.g., a circle) which is presented several times 
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(often three or five times, e.g., Freyd & Finke, 1984; Hub-
bard, 1993; Hubbard & Ruppel, 2014) at successive, adja-
cent locations (for a visualization, see Fig. 1). The spacing 
between and timing of successive target presentations is kept 
constant to elicit a consistent movement in one direction 
and with one speed, and subsequently, we will refer to this 
sequence as the consistent motion sequence. The consist-
ency of this motion sequence is an important precondition 
for representational momentum to occur. Spatial changes 
in inconsistent directions,1 as well as inconsistent spacing 
between successive presentations, have long been known not 
to give rise to the representational momentum phenomenon 

(Freyd & Finke, 1984).2 Therefore, such inconsistent motion 
trials are often used as a control measurement, especially 
in tactile studies (Merz et al., 2019a, b, 2022, for similar 
approaches in audition, see Getzmann & Lewald, 2007, 
2009). Interestingly, most often these trials were included 
within the same experimental block in which the consistent 
motion trials were presented. Although this might seem like 
a small detail, the evidence suggests that mixing the two 
trial types leads to systematic changes in representational 
momentum for consistent motion trials in touch (Merz et al., 
2023), which have also been observed in vision (the data 
from two pilot studies are reported in the online supple-
ment uploaded to the projects OSF page). We deem this as 
an indirect effect of trial type consistency, as the analyzed 
trials were always the consistent motion pattern, therefore 
the effect is indirect in that sense that the mere inclusion 

1 Kerzel (2002) proposed that representational momentum was only 
observed with targets that were predictable, that is, in those tasks in 
which either stimulus direction or the final location of the object was 
predictable/fixed in an experimental context. Note that this claim is in 
doubt, given that representational momentum has also been observed 
when stimulus direction and the actual vanishing point are not fixed 
within a given experimental context; see Hubbard (2005), for discus-
sion; see also the present study.

2 For a detailed discussion and the analysis of inconsistent motion 
trials within our experiments, see the Appendix 1.

Fig. 1  Graphical depiction of the experimental set-up A) as well as 
the trial types B), consistent motion and inconsistent motion trials. 
Importantly, only the filled circles are visible to the participants, the 
dotted circles are presented to visualize all possible target positions, 
yet these positions were not specified to the participants. For consist-

ent trials, two different directions were possible (left-to-right, as well 
as right-to-left). For the inconsistent trials, only one possible trial 
sequence is depicted, out of the 1678 possible trial sequences. See the 
main text for more information
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of inconsistent motion trial within the same experimental 
block results in perceptual changes for the consistent motion 
trials. Yet, the nature of this new indirect effect of trial type 
consistency has not yet been investigated, which is the goal 
of the present study.

In an experimental block with both consistent and incon-
sistent motion trial types mixed together, it is likely that 
expectations regarding actual to-be-encountered target 
behavior will be different compared with an experimental 
block that contain only consistent motion trials. To elabo-
rate, consistent motion trials typically involve the successive 
presentation of the same target stimulus at adjacent, evenly-
spaced locations, indicating a consistent speed in a consist-
ent direction. In contrast, for the inconsistent trials, the spa-
tial locations don’t need to be adjacent or in one consistent 
direction. That is, larger spatial jumps between successive 
presentations are likely, resulting in overall faster stimulus 
displays. Directional changes within the target sequence are 
also possible (e.g., Freyd & Finke, 1984; Merz et al., 2019a, 
b, 2022). We propose that these inconsistencies lead to par-
ticipants forming different expectations regarding typical 
target behavior in mixed experimental blocks, subsequently 
influencing perceived location of the consistent motion tar-
get stimulus. Therefore, the present study has two goals:

First, the effect of trial type manipulation needs to be 
explored in more detail. It needs to be established how 
exactly the inclusion of the inconsistent motion trials change 
perceived location. These changes might occur on a local 
level (based on the inconsistency the system encountered in 
the previous trial) or on a global level (based on the overall 
consistency within the experimental block), or both. One 
possibility is that if the perceptual system just encountered 
an inconsistent target motion pattern on the preceding trial, 
it adapts its expectation for the upcoming trial. This would 
then indicate an effect of local trial type consistency. Alter-
natively, the perceptual system might adjust expectations 
based on the overall statistics/likelihood of events in the 
experimental block, making it an effect of global trial type 
consistency.

Second, the indirect effect of trial type consistency needs 
to be explained and it needs to be understood why the intro-
duction of inconsistent trials types results in a perceptual 
change of consistent motion trials. Inconsistent motion pat-
terns are different compared with the consistent motion stim-
uli in two regards: motion direction as well as implied speed. 
Therefore, the perceptual system might be tuned to the speed 
of the inconsistent trials to adjust the expectation about the 
to-be-encountered target stimulus speed within one experi-
mental block. Alternatively, the perceptual system might be 
tuned to the directional properties of the target stimulus, 
and expectations are formed about the typical directional 
changes within one experimental block.

Influence of expectations 
on representational momentum

For instance, considering the anticipated future behavior of 
the target (after stimulus offset), forward displacement is 
only observed when the expected target motion was pro-
jected to continue in the same direction, rather than when the 
target was expected to reverse its course, indicating that for-
ward displacement is only observed in the expected direction 
of target motion (e.g., Hubbard & Bharucha, 1988; similarly, 
see Johnston & Jones, 2006; Verfaillie & d’Ydewalle, 1991). 
Furthermore, expectations concerning a moving stimulus 
either bouncing off a wall or crashing though it results in dif-
ferences of forward shifts (Hubbard, 1994). Similarly, target 
identity has also been shown to influence representational 
momentum (Reed & Vinson, 1996; Vinson & Reed, 2002), 
for example, with rockets expected to move very rapidly, 
but cathedrals not expected to move at all, visual depictions 
of both resulted in the classical representational momen-
tum phenomenon (for the rocket) or not (for the cathedral). 
While these expectation-based effects indicate effects about 
future (after stimulus offset, e.g., expectation of continu-
ous/change of direction after stimulus offset) or prototypical 
(typical motion pattern for prototypical objects, e.g., fast 
velocities for rockets) motion, the present study is concerned 
with expectations regarding actual, to-be-encountered target 
behavior. And yet, the expectation-based results from pro-
totypical motion (Reed & Vinson, 1996; Vinson & Reed, 
2002) in particular might be taken to indicate that speed 
expectations regarding the to-be-encountered target stimulus 
are used by the perceptual system. That is, while encounter-
ing the prototypical depiction of an object (e.g., a rocket), an 
observer might build up expectations regarding the object’s 
typical speed (e.g., fast). As such, these results might be 
seen as providing support for the speed expectation hypoth-
esis. Furthermore, recent theoretical developments are in 
line with speed expectations as a moderating influence for 
motion perception—that is, a speed prior account of motion 
perception was recently introduced by us in the literature 
(Merz et al., 2022).

The speed prior account explains the localization of 
dynamic stimuli by combining a priori speed expectation 
about actual stimulus speed with the actual, but noisy per-
ceptual input, thus giving rise to the final percept (for related 
arguments, see Goldreich, 2007; Stocker & Simoncelli, 
2006; Weiss & Adelson, 1998). Following this perspective, 
a potential influence of mixing inconsistent trials within 
the same experimental block as consistent motion trials can 
be accounted for, and is predicted by, this account. That is, 
with changing (speed) expectations in different experimen-
tal blocks due to the inclusion of inconsistent motion trials 
(indicating different speeds), the observed perceptual shifts 
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should also change. Therefore, the speed prior account or 
any other, speed-expectation-based theory would predict a 
moderating influence of speed on motion perception.

The present study

The goal of the present study was therefore to explore the 
nature of the indirect influence of trial type consistency, and 
subsequent changes in expectations regarding actual, to-be-
encountered target motion, on representational momentum. 
As the consistent motion sequence constitutes the typical 
motion sequence to investigate representational momentum, 
we will only analyze and compare these perceptually iden-
tical trials across the different experimental blocks. Two 
prestudies were conducted with linear, consistent motion 
sequences of three (e.g., comparable with Freyd & Finke, 
1984; Munger et al., 2005) and five (e.g., comparable to 
Hubbard, 1990) target presentations. The results indicated 
the existence of an indirect effect of trial type consistency 
on representational momentum, as consistent motion trials 
were perceived differently in a context when inconsistent 
motion trials were mixed compared with the isolated pres-
entation of only consistent motion trials. As these prestud-
ies were designed to evidence the overall effect, yet not to 
analyze the nature of this effect, we report their results in 
the online supplement uploaded to the projects OSF-page to 
increase focus on the underlying mechanisms in the present 
manuscript. For all four experiments (as well as the two 
pilot studies), a baseline experimental block was conducted, 
for which only consistent motion trials (100% of consistent 
motion trials) were presented. Here, as so often reported in 
the literature, we always expect representational momentum 
(and, to foreshadow the results, always indicated the exist-
ence of representational momentum). Yet, the experiments 
differed in the compilation of the mixed trial block(s), in 
which consistent motion and inconsistent motion trials 
were presented together, in order to understand the indirect 
influence of trial type consistency. All experiments were 
conducted online.3

Experiments 1 and 2 were designed to explore the level 
at which the effect of trial type consistency occurs. Experi-
ment 1 was designed to analyze whether local trial type 
consistency (experimental features of the previous trial, 
N-1) influence representational momentum. Hereby, the 

mixed condition consisted of 50% consistent motion, and 
50% inconsistent motion trials. Yet, the order of the two trial 
types was only quasirandom. That is, they were designed 
in such a way that for consistent motion trials, in 50% of 
trials it was preceded by a consistent motion trial, whereas 
in the other half of trials, it was preceded by inconsistent 
motion trials. This manipulation allows for the analysis of 
a potential influence of local (trial N − 1) trial type consist-
ency. Experiment 2 was designed to analyze the potential 
influence of global trial type consistency (overall propor-
tion of the two trial types). Therefore, two mixed conditions 
were designed with either 80% consistent motion trials (and 
20% inconsistent motion trials) or 20% consistent motion 
trials (and 80% inconsistent motion trials). To foreshadow 
the results, the data indicate a strong influence of global but 
no local influence of trial type consistency.

Experiment 3 was subsequently conducted to start ana-
lyzing the explanation of this indirect effect of trial type 
consistency. Two mixed conditions with an identical pro-
portion of inconsistent and consistent motion trials (each 
with 50% consistent motion, and 50% inconsistent motion 
trials) were designed. Yet, the two conditions differed in their 
overall amount of inconsistencies regarding induced speed/
direction changes by the inconsistent trials. That is, in one 
experimental block (high inconsistencies regarding speed 
and directional changes), the inconsistent trials induced more 
directional changes as well as faster speeds compared with 
a second experimental block (low inconsistencies regarding 
speed and directional changes). As systematic differences 
were observed, this is in favor of theories arguing for changes 
of expectations regarding motion direction or target speed 
to underlie the perception of dynamic objects and does not 
support arguments that formulate an attenuated reliance on 
the mechanism resulting in the representational momentum 
phenomena with decreasing proportions of consistent motion 
trials. Experiment 4 was conducted to further differentiate 
between the two possible expectations: expectations regard-
ing stimulus speed or stimulus direction. Across two mixed 
conditions, the inconsistent trials indicated very different 
speed characteristics (high speed inconsistency vs. low speed 
inconsistency), yet the number of directional changes was 
kept identical for both mixed conditions. The data suggest the 
existence of a difference between the two experimental con-
ditions, indicating that the different overall speeds induced by 
the inconsistent motion trials are the central factor underlying 
the observed differences in perceptual shifts.

Experiment 1

Experiment 1 was designed to explore the indirect effect of 
trial type consistency in more detail, and to indicate if the 
effect of trial type manipulations was based on local (trial 

3 The usage of an online version of the representational momentum 
task likely introduces different experimental setups, and subsequent 
different stimuli presentations regarding stimulus size in visual angle. 
Yet, our experiments were explicitly designed to have all manipula-
tions and subsequent comparisons within-participants in order to pre-
vent any meaningful influence of experimental setup on our results. 
Please also note that horizontal, implied motion sequences to investi-
gate representational momentum have been previously shown to elicit 
very comparable data patterns in an online and in a laboratory setting 
(Merz, 2022).
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type presented in the previous trial) influences on motion 
perception. That is, besides the baseline condition with 
100% consistent motion trials, one mixed condition was 
designed with 50% consistent motion and 50% inconsistent 
motion trials. Yet, for this mixed condition, the succession 
of trials was presented only quasirandomly in such a way 
that one half of the consistent motion trials was preceded 
by consistent motion trials, whereas the other half was pre-
ceded by inconsistent motion trials (the same was true for 
inconsistent motion trials). Therefore, the trial type in trial 
N-1 was added as an additional factor for the mixed con-
dition, allowing for the systematic analyses of a potential 
influence of local trial type consistency. Both the baseline 
condition as well as the mixed condition were conducted 
twice. Once with the classical timing of 250-ms stimulus 
duration and interstimulus interval (e.g., Hubbard, 1990; 
Merz et al., 2019a, b), but also with a faster timing of 50 
ms each, as this target timing is known to elicit stronger 
representational momentum effects (Hubbard & Bharucha, 
1988; Merz, 2022).

Method

Participants

We selected forty participants for our prestudies to observe 
the expected medium-sized effect of trial type consistency 
on representational momentum. Additionally, we considered 
the possibility of a higher drop-out rate due to the use of an 
online, non-laboratory set-up. For a detailed explanation of 
our sample size rationale, please refer to Prestudy 1. There-
fore, once again, a sample size of N = 40 was chosen. Six 
participants were excluded due to a high dropout of trials, 
presumably indicating a lack of engagement in the task (for 
more information, see the data-preparation section). The 
final sample (25 female, one diverse, eight male; three left-
handed; mean age: 22.18 years, range: 18–38 years) con-
sisted of 34 participants, all of whom were students at the 
University of Trier and participated in exchange for partial 
course credit. Six participants also participated in other 
experiments (five in Experiment 2, one in Experiment 4).4

Design

Participants were tested in a two-factorial design with the 
within-participants factors of 2 (experimental condition: 
baseline condition—100% consistent motion vs. mixed 

condition—50% consistent motion) × 2 (stimulus timing: 
250 ms vs. 50 ms), focusing on the hypothesis-relevant 
consistent motion trials. Additionally, for the mixed con-
dition, a third within-participants factor of preceding trial 
type (consistent vs. inconsistent motion trial) was added. 
The participants were asked to estimate the final location 
of the visual target stimulus, and shift scores (difference 
between actual and estimated final location) were used as 
the dependent variable. Hereby, positive shift scores indicate 
a location estimation further along the motion trajectory (in 
other words, the representational momentum phenomenon), 
whereas negative shifts scores indicated a location estima-
tion against the motion trajectory compared with the actual 
to-be-estimated location.

Apparatus and stimuli

The participants used a computer or laptop of their choos-
ing, no tablet, touchscreen or smartphones were allowed. 
If an operating system for a mobile device was detected, 
the experiment would not start. The experiment was pro-
grammed with PsychoPy and its built-in online transla-
tion PsychoJS (Peirce et al., 2019), data collection was 
via pavlovia.org. The final experimental set-ups were dif-
ferent for the participants (in the following, the number of 
participants is given in parentheses), yet, as this (as well 
as all of the subsequent) experiments were designed fully 
within-participants, these differences cannot explain any of 
the main finding reported in the manuscript. Participants 
used the touchpad of a laptop (19) or an external computer 
mouse (15) according to self-report (this was not detected 
by the experimental software, but participants were asked to 
indicate which set-up they have). As operating system, the 
Apple Mac OS (8), Linux (1) as well as Microsoft Windows 
(25), and as browser, Google Chrome (20), Mozilla Firefox 
(8) and Safari (6) were detected. All screens used a 60-Hz 
refresh rate, yet, resolutions different markedly between 
participants’ devices: 1,920 × 1,080 (5), 1,600 × 900 (1), 
1,536 × 864 (8), 1,440 × 900 (7), 1,366 × 768 (6), 1,280 × 
800 (1), 1,280 × 720 (5), 1,128 × 752 (1). The actual size of 
the screen (in inch or cm) was not assessed. Please note that 
representational momentum has been reliably shown to elicit 
comparable result in laboratory as well as online settings 
(Merz, 2022). The shape and size of the target was a 15 × 
15 pixels white (RGB value: 255, 255, 255) circle on a grey 
background (RGB value: 127, 127, 127). A 15 × 15 pixels 
white (RGB value: 255, 255, 255) square was used to start 
the trial. As the experiments were conducted online, that 
is, with participants using their own laptop, and no control 
of the experimental situation, no chin rest was used, and no 
further instructions about seating position were given, as we 
would not have been able to control the implementation of 
these instructions.

4 In this study, a few participants took part in more than one experi-
ment. Yet, follow-up analysis for all four experiments excluding any 
participant who participated in more than one experiment did not sig-
nificantly change the results reported in the main text.
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Procedure

At the beginning of each trial, participants were prompted 
to click on the square displayed at the centre of the screen in 
order to initiate the trial. The mouse cursor was presented 
in the form of the standard computer pointer. After the click 
was detected, the mouse cursor disappeared and a 600-ms 
blank interval was presented before the target was presented 
for the first time. After the target disappeared for the fifth 
and final time, a 500-ms blank interval was presented before 
the mouse cursor, displayed as a crosshair, appeared once 
again. The participant moved the crosshair to the center of 
perceived final location of the visual target stimulus and 
indicated this location by pressing the left mouse button (or 
touchpad), which ended the trial. Participants had to respond 
within 3,000 ms, otherwise the trial was terminated and a 
new trial began. Please note that the mouse cursor was only 
presented when an action was required (either clicking on 
the square to start a trial or when responding to the final 
location of the target stimulus), but was not displayed during 
the target presentation, as is typical for studies of representa-
tional momentum in order to prevent the mouse cursor from 
being used as a visual marker/landmark.

For the consistent motion trials, five successive presenta-
tions of the target stimulus (inducing stimuli) in the left-to-
right or right-to-left direction, were presented (for a visu-
alization, see Fig. 1). The horizontal distance between the 
successive presentations was fixed at 75 pixels. The final 
location of the visual target stimulus, that is, the fifth loca-
tion of the target, which had to be estimated, was restricted 
to an 80x60 pixels window centred on the center of the 
screen (see location E in Fig. 1A). The y-axis value of the 
target stimulus was constant throughout one trial. Subse-
quently, the location of the first (second, third and fourth) 
presentation of the target stimulus was 300 pixels (225, 150, 
and 75 pixels) to the left (left-to-right motion direction) or 
right (right-to-left motion direction) of the final location for 
consistent motion trials.

For the inconsistent motion trials, the fifth (final) target 
location was chosen identically as for the consistent motion 
trials (see location E in Fig. 1A). The first, second, third, and 
fourth location of the target were selected randomly from 
eight possible locations (300, 225, 150, and 75 pixels to the 
left or right of the target—see locations A, B, C, D, F, G, 
H, I in Fig. 1A), while preventing consistent motion trials 
from being presented. No location was used twice during 
one trial (as is custom for inconsistent trials, e.g., Freyd & 
Finke, 1984; Merz et al., 2022). This gave rise to 1678 dif-
ferent inconsistent motion trials, from which the actual trial 
was selected at random.

Two experimental blocks were realized, one with only 
consistent motion trials (baseline condition), one with 
both trial types mixed (mixed condition—50% of each 

trial type). Both experimental blocks were realized twice, 
once for the same stimulus timing features as in classi-
cal representational momentum studies (ISI and stimulus 
duration of 250 ms), once for a fast stimulus timing (ISI 
and stimulus duration of 50 ms). Additionally, for the 
mixed block, 32 different quasirandom trial sequences 
were built, all of which had the same number of incon-
sistent motion and consistent motion trials preceding 
consistent motion trials. This allowed for the analysis of 
any influence of local trial consistency on motion percep-
tion. In all experimental blocks, the first trial, as well as 
the middle trial for the mixed block was designed to be 
excluded from analyses to have comparable number of 
trials for each to-be-analyzed condition. The actual trial 
sequence was selected (from the 32 quasirandom trial 
sequences) at random for each participant.

All instructions were provided in writing via the experi-
mental software. Participants were instructed to indicate the 
center of the final/fifth location of the target. The participants 
worked through eight practice trials (randomly selected from 
all possible trials from the respective first block), before then 
completing 4 experimental blocks with overall 198 trials 
(66 trial for the 50% mixed block condition, although the 
first and  34th trial were not analyzed; 33 trials for the 100% 
consistent motion block condition, although the first trial 
was not analyzed, both blocks were conducted twice, once 
with the slow, once with the fast stimulus timing condition; 
see the previous paragraph).

Data preparation

If no response was detected within 3,000 ms of crosshair 
onset, then the participant was deemed to have failed to 
respond, and the trial was excluded from the data analysis. 
For each participant, trials in which the mouse cursor was 
not moved by the participant were removed. In these trials, 
the initial location (when the crosshair was presented after 
target presentation) and the final location of the mouse cur-
sor (the location indicated by the participant with the help 
of the crosshair) was identical. It might have been the rare 
case that the estimation without any cursor movement was 
a conscious decision as the final location was perceived at 
the location at which the cursor appeared.5 However, it is far 
more likely that it was an accidental, erroneous mouse click 
or that it indicated a lack of engagement in the task. Partici-
pants needed to respond in order to get to the new trial, so 
just clicking the mouse without any movement constituted 

5 The final location was restricted to an 80x60 pixel window centred 
on the center of the screen. Therefore, 4,800 possible final locations 
existed, but participants only responded to 288 experimental tri-
als, resulting in a 6% chance for each participant that one such trial 
occurred during their experiment.
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the fastest route to finishing the task. Due to these criteria, 
7.66% of trials were excluded from data analysis. Addition-
ally, the number of trials still included per participant was 
analyzed. Six participants were outliers considering the 1.5 
interquartile range below the first quartile (Tukey, 1977). 
Therefore, they were excluded from data analysis. In a next 
step, shift scores were calculated. Shift scores indicate the 
difference between the actual and the estimated final loca-
tion of the visual target stimulus along the horizontal x-axis 
(as the stimulus always moved horizontally; also known as 
M-displacement, displacement along the axis of motion, in 
the literature, e.g., Hubbard & Bharucha, 1988). A positive 
value indicates an overestimation in the direction of motion, 
whereas a negative value indicates an estimation against the 
direction of motion.

Results

To analyze the data, a 2 (experimental condition: baseline 
condition vs. mixed condition) × 2 (stimulus timing: fast 
vs. slow) repeated-measures ANOVA was conducted. As 
expected and as can be seen in Fig. 2, a faster stimulus 
timing led to an increase of the forward shifts, and the 
indirect effect of trial type consistency was observed for 
both timing conditions, although it was stronger in the 
faster timing condition. That is, the main effect of stimu-
lus timing, F(1, 33) = 13.42, p < .001, ɳp

2 = 0.29, and 
experimental condition, F(1, 33) = 16.09, p < .001, ɳp

2 

= 0.33, as well as their interaction, F(1, 33) = 4.82, p = 
.035, ɳp

2 = 0.127, were significant. A forward shift for 
the slower timing condition for the baseline condition was 
observed (2.46 pixels), t(33) = 2.17, p = .037, d = 0.372. 
No effect was observed for the mixed condition for the 
slow timing (−0.15 pixels), t(33) = −0.23, p = .822, d 
= −0.039. For the faster timing condition, a significant 
forward shift was observed for both, the baseline block 
(19.20 pixels), t(33) = 4.37, p < .001, d = 0.750, as well 
as the mixed block (8.00 pixels), t(33) = 3.53, p = .001, 
d = 0.605.

In a next step, the focus was on a possible influence of 
local trial type consistency. That is, for the mixed block, a 
2 (preceding trial N − 1: consistent motion vs. inconsist-
ent motion) × 2 (stimulus timing: fast vs. slow) repeated-
measures ANOVA was conducted. There was a main effect 
of stimulus timing, F(1, 33) = 5.40, p = .027, ɳp

2 = 0.14, 
but critically, no main effect of preceding trial, F(1, 33) = 
1.43, p = .241, ɳp

2 = 0.04, nor any interaction, F(1, 33) 
= 0.23, p = .910, ɳp

2 < 0.01 (the respective descriptive 
statistics for the four factor combinations: consistent & 
fast: 8.40 pix; inconsistent & fast: 7.60 pix; consistent & 
slow: 0.33 pix; inconsistent & slow: −0.63 pix). To quan-
tify the absence of an effect as indicated by the frequentist 
analysis, the same Bayesian ANOVA indicated compara-
ble results, that is, the model with only the main effect of 
stimulus timing provided the best-fit,  BFM = 16.12, and 
was at least five times more likely than any model includ-
ing the preceding trial N − 1,  BF01 > 5.15.

Fig. 2  Results of Experiment 1 (left side) and Experiment 2 (right 
side). For Experiment 1, two different experimental contexts (base-
line condition and mixed condition) and two different timing condi-
tions (slow condition with 250 ms, and a fast condition with 50 ms 
interstimulus interval and stimulus duration) were conducted. For 
Experiment 2, three different experimental context conditions (base-
line condition, as well as two mixed conditions) were conducted. 

Hereby, one intermixed conditions consisted of 80% implied motion, 
and 20% inconsistent trials, or vice versa. In parentheses: First num-
ber indicates the percentage of implied motion trials within this 
experimental context, the second number indicates the percentage of 
inconsistent motion trials within this context. Errors bars represent 
standard errors of the mean. SD = stimulus duration; ISI: interstimu-
lus interval
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Discussion

Experiment 1 indicated the expected indirect influence of 
trial type consistency. In the baseline block with only con-
sistent motion trials presented, the representational momen-
tum phenomenon was observed, whereas for the mixed 
condition, the representational momentum effect was dimin-
ished (fast condition), or even eliminated (slow condition). 
Further, Experiment 1 allowed for a systematic analysis of 
a potential influence of preceding trial in the mixed block 
condition. Interestingly, the analyses indicated no influence 
of the preceding trial. That is, in the mixed condition, motion 
trials were perceived similarly, independent from whether 
the previous trial was a consistent or inconsistent motion 
trial.

Experiment 2

Experiment 1 indicated that the local trial type consistency 
did not have an influence on perceived location for consist-
ently moving stimuli. As such, it is likely that the global trial 
type consistency (the overall likelihood of the inconsistent 
trials within one experimental block) is the driving factor 
for the indirect influence of trial type consistency observed 
in the previous experiment. Therefore, Experiment 2 was 
designed specifically to test this hypothesis. Three differ-
ent experimental conditions were realized. Once again, the 
baseline condition, with only consistent motion trials, and 
two mixed conditions were used. The first mixed condition 
consisted of 80% consistent motion trials and 20% inconsist-
ent trials. For the second mixed condition, this mapping was 
reversed, that is, 20% consistent motion and 80% inconsist-
ent motion trials were presented. The stimulus timing, as 
well as all other features of the task, were identical to the fast 
stimulus timing condition in Experiment 1 (50-ms ISI and 
stimulus duration), allowing for a better comparison between 
the experiments.

Method

Participants

Sample size calculation was identical to the previous experi-
ment, yet, to allow for balancing of all block sequences (six 
different sequences) across participants, a sample-size of 
N = 42 was chosen. Seven participants were excluded due 
to a high dropout of trials, presumably indicating a lack of 
engagement with the task, as well as one participant for not 
following the rules of the task (for more information, see 

the data-preparation section). The final sample (30 female, 
zero diverse, four male; four left-handed, one ambidextrous; 
mean age: 22.06 years, range: 18–38 years) consisted of 34 
participants, all of whom were students from the Univer-
sity of Trier and participated in exchange for partial course 
credit. Five participants had also taken part in Experiment 1.

Design, apparatus and stimuli, procedure, and data 
preparation

The design, apparatus and stimuli, procedure, and data 
preparation were identical to fast (50-ms ISI and stimulus 
duration) condition in Experiment 1 with the following 
exceptions. Participants used the touchpad of a laptop (26) 
or an external computer mouse (9) according to self-report. 
As operating system, the Apple Mac OS (12), as well as 
Microsoft Windows (23), and as browser, Google Chrome 
(16), Mozilla Firefox (9) and Safari (10) were detected. All 
screens used a 60 Hz refresh rate, yet resolutions different 
markedly between participants: 1,920 × 1080 (2), 1,600 × 
900 (1), 1,536 × 864 (8), 1,440 × 900 (10), 1,368 × 912 (1), 
1,366 × 768 (5), 1,280 × 800 (3), 1, 280 × 720 (5).

The baseline condition (100% consistent motion trials) 
was exactly identical to Experiment 1. Both experimental 
blocks for the slow stimulus timing condition as well as the 
mixed condition for the fast stimulus timing condition were 
dropped. To analyze the global impact of the inconsistent 
trials, two mixed conditions were added. In one mixed con-
dition (80%/20%), 80% consistent motion trials were mixed 
with 20% inconsistent motion trials. In the other mixed con-
dition (20%/80%), 20% consistent motion trials were mixed 
with 80% inconsistent motion trials. For the mixed condi-
tions, all possible trial types were selected at random.

The design of the experiment was adopted following 
these changes, and the participants were tested in a one-fac-
torial design with the within-participants factor of condition 
(baseline vs. mixed [80%/20%] vs. mixed [20%/80%]). Trial 
numbers per condition were adopted to fulfil the abovemen-
tioned criteria regarding trial type proportions, participants 
responded to 24 consistent motion trials in each experimen-
tal block. Therefore, for the baseline block, 24 trials were 
included. For the mixed block (80%/20%), 30 trials (24 con-
sistent motion trials, eight inconsistent motion trials) were 
conducted. For the second mixed block (20%/80%), 120 
trials (24 consistent motion, 96 inconsistent motion trials) 
were included. Six versions were programmed to balance 
all possible sequences for the three experimental blocks, 
though the actual sequence was selected at random. Includ-
ing six practice trials, participants responded to 180 trials 
overall (6 practice + 24 baseline + 30 mixed [80%/20%] 
+ 120 [20%/80%]). The same data exclusion criteria as in 
Experiment 1 resulted in 6.26% of trial being excluded, and 
due to this, seven participants were excluded altogether. 
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Additionally, for one participant, the estimated final loca-
tion was within the possible final target range of the 80 × 
60-pixel window centered on the middle of the screen in 
only 12 of all 180 trials. Additionally, this participant clicked 
closer to the onset location than to the offset location on 
average, indicating a lack of attending to the rules of the 
task. Therefore, this participant was also excluded.

Results

The one-factorial ANOVA with the main effect of experi-
mental condition (baseline condition vs. mixed condition 
80%/20% vs. mixed condition 20%/80 %) revealed a sig-
nificant main effect, F(2, 66) = 36.40, p < .001, ɳp

2 = .53. 
Directly comparing the three conditions, motion trials in 
the baseline condition revealed the strongest forward shifts 
(20.47 pixels), t(33) = 6.87, p < .001, d = 1.18, whereas 
no forward shift was observed 20%/80% mixed condi-
tion (−0.03 pixels), t(33) = −0.02, p = .990, d = −0.002. 
As Fig. 1 indicates, the forward shift diminishes with an 
increasing proportion of inconsistent motion trials mixed.

Discussion

In Experiment 2, the proportion of inconsistent motion tri-
als was systematically manipulated across three experimen-
tal blocks, that is, the proportion of consistent motion and 
inconsistent motion trials was manipulated within a given 
experimental block. The results clearly demonstrate that 
with an increasing proportion of inconsistent motion trials 
within one experimental block, the consistent motion trials 
are perceived very differently. That is, a large forward shift 
with a strong effect size (d = 1.18) in the baseline condi-
tion, can be completely eliminated when a large proportion 
of inconsistent motion trials are mixed. This is a remark-
able change in the perception of physically identical trials 
resulting from the variation in the proportion of different 
trial types.

Exploring the mechanism underlying 
the indirect influence of trial type 
consistency

The results of the first two experiments allowed us to 
describe the observed indirect effects of trial type consist-
ency in more detail. That is, Experiment 1 ruled out a local, 
short-term influence of inconsistent trials on the perception 
of the classical consistent motion sequence. This indicates 
that the perceptual system tunes to the overall statistics 
of the experimental block, rather than using short-term 

adaptations of expectations. In line with this observation, the 
overall proportion manipulation of consistent and inconsist-
ent motion trials had a strong effect on the perceived location 
of consistent motion trials. The questions arises about the 
mechanism underlying these observed results.

On the one hand, these results may be explained by the 
formulation of expectations, based on the target properties 
experienced within one experimental block. In other words, 
with the inclusion of inconsistent motion trials, the overall 
expectation regarding typical target speed or typical direc-
tional movement might have changed with the different 
proportions of inconsistent motion trials introduced within 
one experimental block. Therefore, the underlying driving 
factor would actually be changes of expectations introduced 
by the trial statistics introduced by the inconsistent trials. 
Subsequently, the overall proportion of consistent and incon-
sistent motion trials should not be the driving factor behind 
the observed results in Experiments 1 and 2, but rather the 
trial statistics introduced by the inconsistent motion trials. 
Alternatively, it might be argued that with the decrease in 
the overall proportion of consistent trials, the reliance on 
the mechanism leading to the representational momentum 
phenomenon is simply attenuated (e.g., the motion vector in 
motion direction, Hubbard, 1995; or a change from active 
tracking of the target with only consistent motion trials to 
a passive/not at all tracking of the target with inconsistent 
trial intermixed, Thornton et al., 20026). In other words, 
if consistent motion is less likely to occur, the perceptual 
system does not rely as heavily on the typical mechanism 
underlying motion perception as it would in a block when all 
trials are classical consistent motion trials. This explanation 
would point toward the overall proportion of consistent and 
inconsistent trials influencing motion perception, but not the 
trial statistics introduced by the inconsistent motion trials. 
Therefore, Experiment 3 and 4 were designed to differenti-
ate between these two suggestions, by presenting two mixed 
context with 50% consistent and inconsistent motion trials, 
yet, in which the stimulus characteristics for the inconsist-
ent motion trials were systematically manipulated. Follow-
ing the expectation hypothesis, these experimental contexts 
should result in different shift scores, whereas the attenua-
tion idea would expect no change regarding the shift scores.

Experiment 3

Experiment 3 was designed to differentiate between the two 
hypotheses—the attenuation hypothesis on the one hand 
and the expectation hypothesis on the other. Therefore, two 

6 We thank Ian Thornton for pointing us toward this potential alter-
native explanation.
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mixed conditions with a comparable proportion of consistent 
motion and inconsistent motion trials were designed, both 
with 50% consistent motion and 50% inconsistent motion 
trial types. Importantly, the inconsistent trials for the two 
mixed conditions were selected from two different dis-
tributions. That is, for one mixed block, only inconsistent 
motion trials indicating very fast speeds, that is, on average 
large jumps between successive target presentations, were 
selected (inconsistency—high; for a visualization, see Fig. 3). 
For the other mixed condition, only inconsistent motion tri-
als, indicating rather low speeds, that is, on average, short 
jumps between successive target presentations, were selected 
(inconsistency—low; see Fig. 3). Due to our restriction of 
the nine possible target locations (see Fig. 1A), faster target 
speeds should correlate with higher amounts of directional 
changes, which is the subject of Experiment 4. Therefore, if 
both mixed conditions resulted in different perceptual biases, 
this would support the notion of expectations being the driv-
ing force behind the observed results, as the two experimental 
blocks were designed to form different expectations (due to 
the manipulation of high or low inconsistency). In contrast, 
if both mixed conditions resulted in similar data pattern, this 
would support the attenuation hypothesis (as the overall pro-
portion of consistent and inconsistent trial types were identi-
cal for both experimental blocks with 50% each). As in the 
previous experiments, the baseline condition was included.

Method

The sample size calculation was identical to Experiment 2. 
Five participants were excluded due to a high dropout of 
trials, presumably indicating a lack of engagement in the 
task, as well as two participants for not following the rules 
of the task (for more information, see the data-preparation 
section). The final sample (24 female, zero diverse, 11 male; 
three left-handed, zero ambidextrous; mean age: 22.46 years, 
range: 18–35 years) consisted of 35 participants, all of whom 
were students from the University of Trier and participated 
in exchange for partial course credit. Five participants also 
participated in Experiment 4.

Design, apparatus and stimuli, procedure, and data 
preparation

The design, apparatus and stimuli, procedure, and data prep-
aration were identical to Experiment 1, with the following 
exceptions. Participants used the laptop touchpad (19) or 
an external computer mouse (16) according to self-report. 
In terms of the operating system, the Linux (1), Apple Mac 
OS (11), as well as Microsoft Windows (23), and as browser, 
Google Chrome (16), Mozilla Firefox (12), and Safari (7) 

were detected. All except one screen used an approximate 60 
Hz refresh rate, yet, resolutions different markedly between 
participants: 2,240 × 1,260 (1), 1,920 × 1,080 (3), 1,680 × 
1,050 (2), 1,536 × 864 (7), 1,440 × 900 (8), 1,366 × 768 (5), 
1,280 × 800 (2), 1,280 × 720 (6), 1,128 × 752 (1).

Only the baseline block condition with fast stimulus tim-
ing (50 ms stimulus duration and ISI) from Experiment 1 was 
kept. Furthermore, the fast stimulus timing condition for the 
mixed condition from Experiment 1 was adapted slightly. 
That is, in the previous two experiments, the actual incon-
sistent motion sequence was selected out of a possible 1,678 
different inconsistent motion trials. For each of the consistent 
motion and inconsistent motion trials, the actual speed was 
calculated. That is, four distances (from the first to the sec-
ond, from the second to the third, from the third to the fourth, 
and from the fourth to the fifth and final location) were calcu-
lated and averaged. Then, given the stimulus timing of 50 ms 
ISI and stimulus duration, each actual speed was calculated. 
For the consistent motion sequence, this resulted in 750 pix/s 
(with a distance between successive presentations fixed at 
75 pixels, the smallest possible distance). In contrast, for the 
inconsistent motion patterns, the extracted speeds differed 
markedly, resulting in speeds ranging between 937.5 pix/s 
and 4687.5 pix/s. Subsequently, all inconsistent motion trial 
possibilities were split in half, and for one mixed condition, 
only slower inconsistent trials were presented (ranging from 
937.5 pix/s to 2437.5 pix/s; inconsistency low condition). For 
the other mixed condition, only faster inconsistent motion 
trials were presented (ranging from 2437.5 pix/s to 4687.5 
pix/s; inconsistency high condition). Importantly, for both 
experimental blocks, the proportion of consistent motion and 
inconsistent motion trial was kept constant with 50% each.

Participants were tested in a one-factorial design (condi-
tion: baseline vs. mixed—inconsistency low vs. mixed—
inconsistency high). As with the previous experiments, 
24 consistent motion trials were presented per condition. 
Subsequently, the mixed conditions consisted of 48 trials 
overall, and with 8 practice trails, the overall trial count for 
the experiment was at 128 trials (8 practice trials + 24 base-
line trials + 48 trials mixed - inconsistency low + 48 trials 
mixed - inconsistency high). The same data exclusion cri-
teria resulted in 4.77% of trials being excluded, and due to 
this, five participants were excluded altogether. Additionally, 
two participants clicked closer to the onset location than to 
the offset location on average, indicating a lack of attending 
to the rules of the task, and so they were also excluded.

Results

First the inconsistent trials for the two mixed conditions 
were checked to ensure that the experimental manipula-
tions actually gave rise to experimental blocks with different 
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characteristics regarding the inconsistent motion trials. As 
expected, for the low inconsistency condition, the average 
speed for the inconsistent trials was slower than in the high 

inconsistency condition (1,923.2 pix/s vs. 3,024.9 pix/s), 
t(34) = 51.61, p < .001, d = 8.72. Additionally, the number 
of direction changes in the low consistency condition was, 

Fig. 3  Experimental logic (top) and results (bottom) for Experiment 
3. For Experiment 3, two mixed conditions were designed, with dif-
fering amount of inconsistency regarding directional changes and tar-
get speed. One example for the low (left) and high (right) inconsist-
ency trial types are shown, with ranges and averages presented below 

the trial examples. On the bottom, shift score results for the three 
experimental conditions (baseline vs. mixed—inconsistency low 
vs. mixed—inconsistency high) are presented. Errors bars represent 
standard errors of the mean
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on average, only 1.8 directional changes, whereas for the 
high consistency condition, the number of direction changes 
was, on average, 2.4 directional changes, t(34) = 23.11, p < 
.001, d = 3.91. That is, more directional changes are associ-
ated with higher overall speed because of the restrictions 
of possible target locations within our experimental design, 
which will be the subject of Experiment 4. In a next step, the 
one-factorial ANOVA with the main effect of experimental 
condition (baseline vs. low inconsistency vs. high inconsist-
ency) revealed a significant main effect, F(2, 68) = 16.00, 
p < .001, ɳp

2 = .32. Yet, crucially, our interest was particu-
larly on the two mixed conditions (for a visualization, see 
Fig. 3). Here, the consistent motion trials in the high incon-
sistency condition resulted in a forward shift (5.8 pix), t(34) 
= 2.58, p = .014, d = 0.44, but not in the low inconsistency 
condition (−1.5 pix), t(34) = −0.63, p = .535, d = −0.11. 
Directly comparing both conditions, this resulted in a signifi-
cant difference, t(34) = 2.81, p = .008, d = 0.48. This result 
clearly indicates that the overall proportion of consistent and 
inconsistent trials was not the driving factor in the observed 
results, but that the amount of inconsistency introduced by 
the inconsistent trials was the relevant moderating factor.

Discussion

The results of Experiment 3 support the notion that expecta-
tions regarding the actual, to-be-encountered target stimulation 
are used by our perceptual system. That is, we were able to 
observe a difference for the two mixed conditions based on 
differences of inconsistency, while keeping the overall propor-
tion of consistent motion and inconsistent motion trials con-
stant. This argues against a proportion-based account (such as 
formulations of an attenuation mechanism), and in favour of 
expectations-based explanations for motion perception instead.

Experiment 4

The question arises about the nature of these expectations 
formed by the perceptual system. More precisely, the incon-
sistent motion trials differ from the consistent motion trials 
in two key ways: consistency regarding motion direction and 
consistency regarding induced speed. In the previous experi-
ment, the high inconsistency condition differentiated from 
the low consistency condition in the number of changes in 
motion direction as well as in induced speed (for a visuali-
zation, see Fig. 3). Therefore, in this final experiment, the 
experimental logic was kept similar to that of Experiment 
3, except that for the two mixed conditions, they were not 
only equated regarding trial type proportion (50% consistent 
motion, 50% inconsistent motion trial types), but also regard-
ing directional changes for the inconsistent motion trials (for 

a visualization, see Fig. 4). That is, all inconsistent motion 
trials always changed direction twice, while still indicating 
different speeds. Therefore, if a difference between the two 
mixed conditions is still observed, this result can only be due 
to the speed characteristics of the inconsistent motion trials.

Method

The sample size calculation was identical to the previous 
Experiment 3. Due to an error in data collection, the data from 
one additional participant was collected. Three participants 
were excluded due to a high dropout of trials, presumably 
indicating a lack of engagement in the task (for more infor-
mation, see the data-preparation section). The final sample 
(31 female, zero diverse, nine male; eight left-handed, zero 
ambidextrous; mean age: 22.05 years, range: 18–35 years) 
consisted of 40 participants, all of whom were students from 
the University of Trier and participated in exchange for par-
tial course credit. Six participants also participated in other 
Experiments (five in Experiment 3, one in Experiment 1).

Design, apparatus and stimuli, procedure, and data 
preparation

The design, apparatus and stimuli, procedure, and data 
preparation were identical to Experiment 3 with the fol-
lowing exceptions. Participants used the touchpad of a 
laptop (28) or an external computer mouse (12) based on 
self-report. As operating system, Linux (1), the Apple 
Mac OS (17), as well as Microsoft Windows (22), and as 
browser, Google Chrome (19), Mozilla Firefox (9), and 
Safari (12) were all detected. Most of the screens had an 
approximate 60-Hz refresh rate (33), some had 30 Hz (3), 
one had 72 Hz, one had 100 Hz, and two had 111 Hz. 
Screen resolutions differed between participants: 2,240 × 
1,260 (1), 1,920 × 1,080 (3), 1,680 × 1,050 (1), 1,536 × 
864 (8), 1,504 × 1,003 (2), 1,440 × 960 (1), 1,440 × 900 
(14), 1,368 × 912 (3), 1,366 × 768 (2), 1,280 × 800 (1), 
1,280 × 720 (4).

The experimental blocks were identical to Experiment 3, 
except that only inconsistent motion trials with exact two 
directional changes in one trial sequence were used. That 
is, 838 out of the original 1,678 inconsistent patterns were 
identified which indicated two directional changes during 
one trial (speed ranging from 1,125 pix/s to 3,562.5 pix/s). 
As for Experiment 3, these trials were ordered based on 
their indicated speed and split into two halves. The faster 
trials were then used for the high speed inconsistency 
condition, the slower trials were used for the low speed 
inconsistency condition. The same data exclusion criteria 
resulted in 2.97% of trials being excluded, and due to this, 
three participants were excluded altogether.



2649Attention, Perception, & Psychophysics (2023) 85:2637–2654 

1 3

Results

At first, as in Experiment 3, we checked that the incon-
sistent motion trials for the two mixed conditions actu-
ally resulted in different speed characteristics for the 
inconsistent motion trials. As expected, for the low speed 
inconsistency condition, the average speed in the incon-
sistent motion trials was slower than in the high speed 

inconsistency condition (2,008.3 vs. 2,898.8 pix/s), t(39) 
= 50.95, p < .001, d = 8.05. Subsequently, the one-facto-
rial ANOVA with the main effect of experimental condi-
tion (baseline vs. low speed inconsistency vs. high speed 
inconsistency) revealed a significant main effect, F(2, 68) 
= 14.8, p < .001, ɳp

2 = .28. Yet, crucially, the interest 
was on the two mixed conditions (for a visualization, see 
Fig. 4). Even though the consistent motion trials in the 

Fig. 4  Experimental logic (top) and results (bottom) for Experiment 
4. For Experiment 4, two mixed conditions were designed, with dif-
fering amount of inconsistency regarding target speed, while keeping 
directional changes constant at 2. One example for the low (left) and 
high (right) speed inconsistency trial types are shown, with ranges 

and averages presented below the trial examples. On the bottom, 
shift score results for the three experimental conditions (baseline vs. 
mixed—speed inconsistency low vs. mixed—speed inconsistency 
high) are presented. Errors bars represent standard errors of the mean
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high speed inconsistency condition revealed descriptively 
the same forward shift in terms of its magnitude (5.8 pix), 
this was not statistically significant, t(39) = 1.27, p = 
.212, d = 0.21, and no shift was observed in the low speed 
inconsistency condition (0.2 pix), t(39) = 0.04, p = .972, 
d = 0.01. Crucially, when directly compared, the consist-
ent motion trials in the high speed inconsistency condition 
(5.8 pix) were significantly different from the consistent 
motion trials in the low speed inconsistency condition (0.2 
pix), t(39) = 2.13, p = .039, d = 0.337.

Discussion

The results of Experiment 4 help to resolve the question 
regarding the nature of the observed indirect influence of 
trial type consistency observed in the present manuscript. 
That is, the changes of induced speed introduced by the 
inconsistent trial types resulted in the perceived change of 
moving stimuli. That is, a difference between the two mixed 
conditions was observed in the data, yet, the two experi-
mental blocks only differed in terms of the speed profile of 
the inconsistent trial types, but not regarding the directional 
changes induced by the inconsistent motion trials. This result 
indicates that expectations regarding stimulus speed are used 
to inform the final percept of dynamic, moving stimuli.

General discussion

Across four experiments, the nature of expectations influ-
encing the perception of moving stimuli was analyzed by 
exploring the perception of consistent motion trials in dif-
ferent experimental blocks. While in the first two experi-
ments, the data indicated that the observed effect was an 
effect of global, not local, trial type consistency, the next 
two experiments helped to pinpoint the observed effect to 
be driven by the change of speed characteristics, induced 
by the inconsistent motion trials. This indicates that the per-
ceptual system uses the speed characteristics of the current 
experimental block, likely by forming expectations regard-
ing these circumstances to inform the final percept. This 
notion is in line with theories arguing for the importance of 
speed expectations for human motion perception (such as 
Merz et al., 2022).

The observed modulation of the perceived final location 
in the present study is likely to originate perceptually, in 
line with expectation-based theories such as the speed prior 
account (Merz et al., 2022, see also Merz et al., 2023). Pre-
vious evidence has shown that the frequency with which 
different responses are given block is likely to be equated 
across an experimental block (e.g., Erlebacher & Sekuler, 
1971). Yet, it should be noted that the experimental set-up 

used here was designed in such a way that response changes 
within our different experimental blocks cannot provide an 
alternate explanation for the findings. The final stimulus 
location, which had to be estimated by the participants with 
the help of a computer mouse, was randomly distributed 
around the central location of the screen. Crucially, this was 
identical for consistent motion as well as inconsistent motion 
trials, making any moderating influence of target location, 
and subsequent response motion toward the perceived target 
location, very unlikely.

The results reported here provide a possible explanation 
for a puzzling finding concerning the phenomenon of tac-
tile representation momentum (see, relatedly, Merz et al., 
2023). That is, while initially no representational momen-
tum was observed for tactile stimulation (e.g., Macauda 
et  al., 2018; Whitsel et  al., 1986), subsequent studies 
evidenced a tactile analogue of this phenomenon (e.g., 
Merz et al., 2019a, b), even though fairly similar stimulus 
speeds were used in the majority of these studies (about 
6–7 cm/s along the forearm). Surprisingly, and in contrast 
to the present results, representational momentum is only 
observed in touch when consistent motion and inconsistent 
motion trials are mixed, but not when presented in isola-
tion. These differences between sensory modalities might 
possibly be explained by arguing for different sensory acu-
ities (higher spatial acuity in vision, especially for foveal 
vision, compared with touch, e.g., Gallace & Spence, 
2014; Pick et al., 1969; Sheth & Shimojo, 2001; Wässle 
et al., 1990; Weinstein, 1968; resulting in differences of 
encoding of stimulus speed and subsequent updating of 
the speed expectation) and/or by pointing toward different 
typical speed statistics expected a priori for the two senses 
(e.g., tactile sensations are different/non-overlapping with 
visual sensations, therefore different a priori expectations 
might exist for the different sensory modalities).

While, in general, the present results are in line with the 
idea of speed expectations influencing the perception of 
motion stimuli, the complete data set as evidenced in this 
study cannot be accounted by any theory as currently pro-
posed in the literature, including the speed prior account 
(Merz et al., 2022). That is, for Experiment 3 (and 4), the 
high (speed) inconsistent condition indicated a faster stimu-
lus speed compared with the low (speed) inconsistent con-
dition, therefore with the baseline (100% consistent motion 
trials) condition evidencing the strongest forward shifts, it 
would have been expected that the high (speed) inconsistent 
leading to the weakest/no forward shifts, and the low (speed) 
inconsistent trials to intermediate scores. Yet, the reverse 
pattern was observed. Although the speed prior account 
argues against a linear increase of the representational 
momentum phenomenon with increasing stimulus speed, but 
more so for a curvilinear/partially quadratic connection, the 
observed change of results would be difficult to be predicted 
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a priori. Therefore, the results presented here also argue for 
a refinement of already existing, or else the development of 
entirely new, theoretical accounts.

The results reported here should be differentiated from 
previous findings showing influences of experimental 
context by other information that is presented simultane-
ously with the response relevant target stimulus. In these 
studies, other stimulus material (such as a second/another 
stimulus, spatial or directional cues or so) are presented 
simultaneously to investigate the direct effect of contextual 
information (for overview and discussion, see Hubbard, 
2005, 2014). Yet, in the present study, we were interested 
in the indirect effect of trial type consistency, more pre-
cisely, the possible changes introduced by the manipulation 
of trial types statistics. The data that have been presented 
here indicate that the overall compilation of the experi-
mental situation has a potential enormous effect on the 
subsequent perception of stimuli. “What influence does the 
inclusion of a specific trial type have?” is a crucial ques-
tion for experimental researchers to ponder when designing 
experiments.

Our findings can be linked to theoretical ideas of curios-
ity exploration of our cognitive system, originally formu-
lated by Berlyne (1949, 1960; for a recent study, see Frings 
et al., 2019), or the idea of surprise reductions (see Friston, 
2009). That is, our perceptual/cognitive system is designed 
to explore variation in our surroundings to adapt its expec-
tations within this experimental setting to allow for con-
text optimal perception and action. That might be why the 
speed statistics are updated within the different experimental 
blocks that were presented in our study, but might very well 
be a general goal of our cognitive system to act optimally.

Conclusions

The present study reports evidence across four experi-
ments that the stimulus statistic of trials included in an 
experimental block plays a central role during the percep-
tion of dynamic stimuli. By analyzing only perceptually 
identical trails, we were able to show a crucial influence 
of stimulus statistics on motion perception. Furthermore, 
the results indicate a possible influence of speed expecta-
tion about actual, to be expected target motion on motion 
perception.

Appendix 1: Exploratory analysis 
of inconsistent motion trials

In this section, the localization of the inconsistent motion 
trials are analyzed. In the main manuscript, we argue 
that introducing the inconsistent motion trials altered the 

stimulus statistics, particularly affecting the speed statistics 
within any experimental block. This change consequently 
influenced the speed expectations in that block. As such, 
the localization of the inconsistent motion trials should also 
be systematically influenced according to the predictions of 
speed-expectations-based accounts such as the speed prior 
account (Merz et al., 2022), which is subject for this explora-
tory analysis. Specifically, this account predicts a curvilin-
ear or quadratic relation between speed and the shift score, 
characterized first by an increase with increasing speed, 
which later transitions to a backward shift at faster speeds. 
Given the considerably faster speed in the present manu-
script, ranging between 937.5 and 4687.5 pix/s, a tendency 
towards a backward shift was expected, particularly for faster 
stimulus speeds.

The inconsistent motion trials are distinct from the con-
sistent ones regarding both directional and speed consist-
ency. The directional inconsistency, wherein both left-to-
right and right-to-left movements were presented within a 
single trial, necessitate an explanation of how the depend-
ent variable is computed. Typically, the representational 
momentum effect or forward shift is understood as the over-
estimation in motion direction. We maintain that the decisive 
direction is the final one, tracing from the penultimate to 
the last location, as it marks the motion direction just before 
cessation and localization. Consequently, in this explora-
tory analysis, shift scores indicate either a forward shift in 
the direction of the final target motion (positive values) or 
a backward shift against it (negative values). Similarly, the 
final target speed was considered as the determining factor, 
derived from the spatial separation between the penultimate 
and last target location relative to the stimulus timing. Given 
that the final speed could be 750 pix/s, 1,500 pix/s, 2,250 
pix/s, or 3,000 pix/s, grouped, to increase power (as final 
target speed was not systematically balanced across the pre-
sented inconsistent motion trials), into a slow final target 
speed (750 pix/s and 1500 pix/s) and a fast final target speed 
group (2,250 pix/s and 3,000 pix/s).7

7 We acknowledge existing research that illustrates how representa-
tional momentum is not only influenced by the final target speed but 
also by speed variations, such as target acceleration or deceleration 
(e.g., Finke et al., 1986). However, it is important to note that in the 
exploratory analysis detailed in Appendix 1, the factor steps were not 
systematically balanced, either within or across participants, lead-
ing to a reduction in the power of the analyses. Specifically, from the 
entire array of possible inconsistent trials, the actual trials presented 
were chosen randomly. Moreover, our stimulus design, which fixed 
the final target location at point E, meant that the final target speed 
could vary between 750 pix/s (if the penultimate target location was 
D or F) and 3,000 pix/s (if it was A or I), although the preceding 
speed could range between 750 pix/s and 6,000 pix/s. Consequently, 
decelerating targets were more probable, and, if analysed, would yield 
higher precision than accelerating trials. Therefore, our analysis pri-
marily centres on the decisive factors of final target speed and direc-
tion, excluding the potential supplementary factor of speed change.
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For Experiment 1, the inconsistent trials in the mixed 
blocks for the slow (250-ms ISI and stimulus duration) 
and fast (50-ms ISI and stimulus duration) stimulus tim-
ing condition were analyzed with a 2 (stimulus timing: 250 
ms vs. 50 ms) × 2 (final target direction: left-to-right vs. 
right-to-left) × 2 (final target speed: slow vs. fast) ANOVA. 
Overall, a significant backward shift, that is, offset repulsion, 
is observed, t(33) = −2.82, p = .008, d = −0.48. None of 
the effects was significant, F < 3.32, p > .077, except for 
the main effect of final target speed, F(1, 33) = 7.78, p = 
.009, ɳp

2 = .19, with no effect for the slow final target speed 
(−1.15 pix), t(33) = −0.80, p = .428, yet, a strong backward 
shift for the fast final target speed conditions (−6.44 pix), 
t(33) = −3.50, p = .001, d = 0.60, in line with the predic-
tions of the speed prior account. The same results were mir-
rored in Experiment 2, where, only the mixed block with 80 
% inconsistent motion trials was analyzed, as in the other 
mixed block (with 20% motion trials), only six inconsistent 
trials were presented to each participant. In the 2 (final tar-
get direction: left-to-right vs. right-to-left) × 2 (final target 
speed: slow vs. fast) ANOVA, once again the main effect 
of final target speed was significant, F(1, 33) = 7.30, p = 
.011, ɳp

2 = .18, once again showing more negative shifts 
for the fast condition (−10.54 pix) then in the slow condi-
tion (−2.38 pix). Additionally, the main effect of final target 
direction was significant, F(1, 33) = 5.29, p = .028, ɳp

2 = 
.14, with more negative values for the right-to-left direction 
(−11.51 pix) then the left-to-right direction (−1.41).

For Experiments 3 and 4, the factor of experimental con-
dition (low [speed] inconsistency vs. high [speed] incon-
sistency) was added as an additional within-participants 
factor to the 2 (final target direction: left-to-right vs. right-
to-left) × 2 (final target speed: slow vs. fast) ANOVA. For 
Experiment 3, none of the main effects nor the interaction 
was significant, F < 1.48, p > .232, although the descrip-
tive shifts scores for the slow (−3.93 pix) and fast (−7.79 
pix) were once again in the same direction as the results 
observed in Experiments 1 and 2. For Experiment 4, the 
same 2 × 2 × 2 ANOVA once again revealed the significant 
main effect of final target speed, F(1, 39) = 7.31, p = .010, 
ɳp

2 = .16, showing more negative values for the fast final 
target speed (-12.65 pix) than for the slow final target speed 
(−1.95 pix). Additionally, this main effect was modulated 
by the experimental condition, F(1, 39) = 7.27, p = .010, 
ɳp

2 = .16. In the high inconsistency condition, this differ-
ence between fast (−7.19 pix) and slow (−4.73 pix) was 
less pronounced than in the low inconsistency condition 
(fast: −18.12 pix; slow: 0.84 pix).

In general, the analysis of the inconsistent motion trials 
across the four experiments reveals two central data patterns: 
First, the overall tendency to indicate negative shift scores, 
that is, an offset repulsion effect. This might be surpris-
ing, especially for readers familiar with the original study 

by Freyd and Finke (1984), in which the authors did not 
observe any effect for inconsistent motion trials (Experiment 
2 of that study; although, a closer inspection of the RTs in 
this study also indicated a descriptive, but non-significant 
tendency toward a backward shift). Yet, from the perspec-
tive of the speed prior account, these results are expected, 
given that the representational momentum effect will start 
to decrease after some initial increase with faster stimu-
lus timing. Please also note that compared with Freyd and 
Finke’s (1984) study, we used much faster stimulus timing 
(50 ms ISI as well as stimulus duration) than was used in the 
original study (250 ms ISI and stimulus duration). Second, 
a stronger offset repulsion effect was observed for the faster 
final target speed conditions across all four experiments (this 
effect was nonsignificant, although descriptively similar, in 
Experiment 3) compared with the slow final target speed 
condition. This is in line with formulations arguing for the 
importance of speed to influence target localization and per-
ception, such as the speed prior account (Merz et al., 2022).

Authors’ contributions S.M. conceived, planned and carried out the 
experiments and analyzed the data. S.M. drafted the manuscript, C.S. 
and C.F. provided crucial feedback thought out the experimental devel-
opment and writing up of the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. The research reported here was supported by a grant from the 
Deutsche Forschungsgemeinschaft to Simon Merz (ME5568/1-1).

Data availability/Code availability Raw data, experimental files 
and important analyses scripts are publicly available (https:// osf. io/ 
q25mw/? view_ only= 38e39 85735 384bc c937e ade8a aed95 32). A dem-
onstration of the trials used in the experiment can be accessed here: 
(https:// run. pavlo via. org/S_ Merz/ consi stency_ demo/ html). None of the 
experiments reported here was preregistered.

Declarations 

Conflicts of interest/Competing interests No conflict of interest exists.

Ethics approval All procedures performed were in accordance with the 
ethical standards of the national research committee and with the 1964 
Helsinki declaration and its later amendments or comparable ethical 
standards. Note that an additional ethics commission is only required in 
case of potentially harmful content of a study (e.g., invasive methods, 
explicit material) and was therefore not required for the present study.

Consent to participate/for publication For all experiments: All partici-
pants gave active informed consent prior to participation.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 

https://osf.io/q25mw/?view_only=38e3985735384bcc937eade8aaed9532
https://osf.io/q25mw/?view_only=38e3985735384bcc937eade8aaed9532
https://run.pavlovia.org/S_Merz/consistency_demo/html


2653Attention, Perception, & Psychophysics (2023) 85:2637–2654 

1 3

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Angelaki, D. E., Shaikh, A. G., Green, A. M., & Dickman, J. D. (2004). 
Neurons compute internal models of the physical laws of motion. 
Nature, 430(6999), 560–564. https:// doi. org/ 10. 1038/ natur e02754

Berlyne, D. E. (1949). Interest as a psychological concept. The Brit-
ish Journal of Psychology General Section, 39(Pt 4), 184–195. 
https:// doi. org/ 10. 1111/j. 2044- 8295. 1949. tb002 19.x

Berlyne, D. E. (1960). Conflict, arousal, and curiosity. McGraw-Hill. 
https:// doi. org/ 10. 1037/ 11164- 000 

Erlebacher, A., & Sekuler, R. (1971). Response frequency equalization: 
A bias model for psychophysics. Perception & Psychophysics, 
9(3), 315–320. https:// doi. org/ 10. 3758/ BF032 12657

Finke, R. A., Freyd, J. J., & Shyi, G. C. (1986). Implied velocity and 
acceleration induce transformations of visual memory. Journal of 
Experimental Psychology: General, 115(2), 175–188. https:// doi. 
org/ 10. 1037/ 0096- 3445. 115.2. 175

Freyd, J. J., & Finke, R. A. (1984). Representational momentum. Jour-
nal of Experimental Psychology: Learning, Memory, and Cogni-
tion, 10(1), 126–132. https:// doi. org/ 10. 1037/ 0278- 7393. 10.1. 126

Frings, C., Merz, S., & Hommel, B. (2019). The impact of stimu-
lus uncertainty on attentional control. Cognition, 183, 208–212. 
https:// doi. org/ 10. 1016/j. cogni tion. 2018. 10. 017

Friston, K. J. (2009). The free-energy principle: A rough guide to the 
brain? Trends in Cognitive Sciences, 13(7), 293–301. https:// doi. 
org/ 10. 1016/j. tics. 2009. 04. 005

Fröhlich, F. W. (1923). Über die Messung der Empfindungszeit [On 
the measurement of sensation time]. Zeitschrift Für Sinnesphysi-
ologie, 54, 58–78.

Gallace, A., & Spence, C. (2014). In touch with the future. Oxford 
University Press. https:// doi. org/ 10. 1093/ acprof: oso/ 97801 99644 
469. 001. 0001 

Getzmann, S., & Lewald, J. (2007). Localization of moving sound. 
Perception & Psychophysics, 69(6), 1022–1034. https:// doi. org/ 
10. 3758/ BF031 93940

Getzmann, S., & Lewald, J. (2009). Constancy of target velocity as 
a critical factor in the emergence of auditory and visual repre-
sentational momentum. Experimental Brain Research, 193(3), 
437–443. https:// doi. org/ 10. 1007/ s00221- 008- 1641-0

Goldreich, D. (2007). A Bayesian perceptual model replicates the 
cutaneous rabbit and other tactile spatiotemporal illusions. PLOS 
ONE, 2(3), e333. https:// doi. org/ 10. 1371/ journ al. pone. 00003 33

Hubbard, T. L. (1990). Cognitive representation of linear motion: 
Possible direction and gravity effects in judged displacement. 
Memory & Cognition, 18(3), 299–309. https:// doi. org/ 10. 3758/ 
BF032 13883

Hubbard, T. L. (1993). The effect of context on visual representational 
momentum. Memory & Cognition, 21(1), 103–114. https:// doi. 
org/ 10. 3758/ BF032 11169

Hubbard, T. L. (1994). Judged displacement: a modular process? The 
American Journal of Psychology, 107(3), 359–373. https:// doi. 
org/ 10. 2307/ 14228 79

Hubbard, T. L. (1995). Environmental invariants in the representation 
of motion: Implied dynamics and representational momentum, 
gravity, friction, and centripetal force. Psychonomic Bulletin & 
Review, 2(3), 322–338. https:// doi. org/ 10. 3758/ BF032 10971

Hubbard, T. L. (2005). Representational momentum and related 
displacements in spatial memory: A review of the findings. 

Psychonomic Bulletin & Review, 12(5), 822–851. https:// doi. org/ 
10. 3758/ BF031 96775

Hubbard, T. L. (2010). Approaches to representational momentum 
Theories and models. In R. Nijhawan & B. Khurana (Eds.), Space 
and time in perception and action (pp. 338–365). Cambridge Uni-
versity Press. https:// doi. org/ 10. 1017/ CBO97 80511 750540. 020 

Hubbard, T. L. (2014). Forms of momentum across space: Repre-
sentational, operational, and attentional. Psychonomic Bul-
letin & Review, 21(6), 1371–1403. https:// doi. org/ 10. 3758/ 
s13423- 014- 0624-3

Hubbard, T. L. (2018). Influences on representational momentum. In 
T. L. Hubbard (Ed.), Spatial Biases in Perception and Cognition 
(pp. 121–138). Cambridge University Press. https:// doi. org/ 10. 
1017/ 97813 16651 247. 009 

Hubbard, T. L., & Bharucha, J. J. (1988). Judged displacement in 
apparent vertical and horizontal motion. Perception & Psycho-
physics, 44(3), 211–221. https:// doi. org/ 10. 3758/ BF032 06290

Hubbard, T. L., & Ruppel, S. E. (2014). An effect of contrast and 
luminance on visual representational momentum for location. 
Perception, 43(8), 754–766. https:// doi. org/ 10. 1068/ p7714

Jancke, D., & Erlhagen, W. (2010). Bridging the gap: A model of 
common neural mechanisms underlying the Fröhlich effect, the 
flash-lag effect, and the representational momentum effect. In 
R. Nijhawan & B. Khurana (Eds.), Space and time in perception 
and action (pp. 422–440). Cambridge University Press. https:// 
doi. org/ 10. 1017/ CBO97 80511 750540. 025 

Johnston, H. M., & Jones, M. R. (2006). Higher order pattern struc-
ture influences auditory representational momentum. Journal of 
Experimental Psychology: Human Perception and Performance, 
32(1), 2–17. https:// doi. org/ 10. 1037/ 0096- 1523. 32.1.2

Kerzel, D. (2002). A matter of design: No representational momen-
tum without predictability. Visual Cognition, 9(1/2), 66–80. 
https:// doi. org/ 10. 1080/ 13506 28014 30003 22

Macauda, G., Lenggenhager, B., Meier, R., Essick, G., & Brug-
ger, P. (2018). Tactile motion lacks momentum. Psycho-
logical Research, 82(5), 889–895. https:// doi. org/ 10. 1007/ 
s00426- 017- 0879-1

Merz, S. (2022). Motion perception investigated inside and outside of 
the laboratory. Experimental Psychology, 69(2), 61–74. https:// 
doi. org/ 10. 1027/ 1618- 3169/ a0005 45

Merz, S., Deller, J., Meyerhoff, H. S., Spence, C., & Frings, C. (2019). 
The contradictory influence of velocity: Representational momen-
tum in the tactile modality. Journal of Neurophysiology, 121(6), 
2358–2363. https:// doi. org/ 10. 1152/ jn. 00128. 2019

Merz, S., Frings, C., Spence, C. (2023). Motion perception in touch: 
resolving contradictory findings by varying probabilities of differ-
ent trial types. Psychological Research. https:// doi. org/ 10. 1007/ 
s00426- 023- 01849-1 Advance online publication

Merz, S., Meyerhoff, H. S., Spence, C., & Frings, C. (2019). Implied 
tactile motion: Localizing dynamic stimulations on the skin. 
Attention, Perception & Psychophysics, 81(3), 794–808. https:// 
doi. org/ 10. 3758/ s13414- 018- 01645-9

Merz, S., Soballa, P., Spence, C., & Frings, C. (2022). The speed 
prior account: A new theory to explain multiple phenomena 
regarding dynamic information. Journal of Experimental Psy-
chology: General, 151(10), 2418–2436. https:// doi. org/ 10. 1037/ 
xge00 01212

Merz, S., Weiten, J., & Hubbard, T. L. (2023). Does a concurrent 
motor process influence representational momentum? Perception, 
52(10), 726–738. https:// doi. org/ 10. 1177/ 03010 06623 11949 55

Munger, M. P., Owens, T. R., & Conway, J. (2005). Are boundary 
extension and representational momentum related? Visual Cog-
nition, 12(6), 1041–1056. https:// doi. org/ 10. 1080/ 13506 28044 
40006 43

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature02754
https://doi.org/10.1111/j.2044-8295.1949.tb00219.x
https://doi.org/10.1037/11164-000
https://doi.org/10.3758/BF03212657
https://doi.org/10.1037/0096-3445.115.2.175
https://doi.org/10.1037/0096-3445.115.2.175
https://doi.org/10.1037/0278-7393.10.1.126
https://doi.org/10.1016/j.cognition.2018.10.017
https://doi.org/10.1016/j.tics.2009.04.005
https://doi.org/10.1016/j.tics.2009.04.005
https://doi.org/10.1093/acprof:oso/9780199644469.001.0001
https://doi.org/10.1093/acprof:oso/9780199644469.001.0001
https://doi.org/10.3758/BF03193940
https://doi.org/10.3758/BF03193940
https://doi.org/10.1007/s00221-008-1641-0
https://doi.org/10.1371/journal.pone.0000333
https://doi.org/10.3758/BF03213883
https://doi.org/10.3758/BF03213883
https://doi.org/10.3758/BF03211169
https://doi.org/10.3758/BF03211169
https://doi.org/10.2307/1422879
https://doi.org/10.2307/1422879
https://doi.org/10.3758/BF03210971
https://doi.org/10.3758/BF03196775
https://doi.org/10.3758/BF03196775
https://doi.org/10.1017/CBO9780511750540.020
https://doi.org/10.3758/s13423-014-0624-3
https://doi.org/10.3758/s13423-014-0624-3
https://doi.org/10.1017/9781316651247.009
https://doi.org/10.1017/9781316651247.009
https://doi.org/10.3758/BF03206290
https://doi.org/10.1068/p7714
https://doi.org/10.1017/CBO9780511750540.025
https://doi.org/10.1017/CBO9780511750540.025
https://doi.org/10.1037/0096-1523.32.1.2
https://doi.org/10.1080/13506280143000322
https://doi.org/10.1007/s00426-017-0879-1
https://doi.org/10.1007/s00426-017-0879-1
https://doi.org/10.1027/1618-3169/a000545
https://doi.org/10.1027/1618-3169/a000545
https://doi.org/10.1152/jn.00128.2019
https://doi.org/10.1007/s00426-023-01849-1
https://doi.org/10.1007/s00426-023-01849-1
https://doi.org/10.3758/s13414-018-01645-9
https://doi.org/10.3758/s13414-018-01645-9
https://doi.org/10.1037/xge0001212
https://doi.org/10.1037/xge0001212
https://doi.org/10.1177/03010066231194955
https://doi.org/10.1080/13506280444000643
https://doi.org/10.1080/13506280444000643


2654 Attention, Perception, & Psychophysics (2023) 85:2637–2654

1 3

Pei, Y.-C., & Bensmaia, S. J. (2014). The neural basis of tactile motion 
perception. Journal of Neurophysiology, 112(12), 3023–3032. 
https:// doi. org/ 10. 1152/ jn. 00391. 2014

Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger, R., 
Sogo, H., Kastman, E., & Lindeløv, J. K. (2019). Psychopy2: 
Experiments in behavior made easy. Behavior Research Meth-
ods, 51(1), 195–203. https:// doi. org/ 10. 3758/ s13428- 018- 01193-y

Pick, H. L., Warren, D. H., & Hay, J. C. (1969). Sensory conflict in 
judgments of spatial direction. Perception & Psychophysics, 6(4), 
203–205. https:// doi. org/ 10. 3758/ BF032 07017

Reed, C. L., & Vinson, N. G. (1996). Conceptual effects on representa-
tional momentum. Journal of Experimental Psychology: Human 
Perception and Performance, 22(4), 839–850. https:// doi. org/ 10. 
1037/ 0096- 1523. 22.4. 839

Sheth, B. R., & Shimojo, S. (2001). Compression of space in visual 
memory. Vision Research, 41(3), 329–341. https:// doi. org/ 10. 
1016/ S0042- 6989(00) 00230-3

Stocker, A. A., & Simoncelli, E. P. (2006). Noise characteristics and 
prior expectations in human visual speed perception. Nature Neu-
roscience, 9(4), 578–585. https:// doi. org/ 10. 1038/ nn1669

Thornton, I. M., Rensink, R. A., & Shiffrar, M. (2002). Active ver-
sus passive processing of biological motion. Perception, 31(7), 
837–853. https:// doi. org/ 10. 1068/ p3072

Tukey, J. W. (1977). Exploratory data analysis. Addison-Wesley series 
in behavioral science Quantitative methods. Addison-Wesley.

Verfaillie, K., & d’Ydewalle, G. (1991). Representational momentum 
and event course anticipation in the perception of implied peri-
odical motions. Journal of Experimental Psychology Learning, 
Memory and Cognition, 17(2), 302–313. https:// doi. org/ 10. 1037/ 
0278- 7393. 17.2. 302

Vinson, N. G., & Reed, C. L. (2002). Sources of object-specific effects 
in representational momentum. Visual Cognition, 9(1/2), 41–65. 
https:// doi. org/ 10. 1080/ 13506 28014 30003 13

Wässle, H., Grünert, U., Röhrenbeck, J., & Boycott, B. B. (1990). Reti-
nal ganglion cell density and cortical magnification factor in the 
primate. Vision Research, 30(11), 1897–1911. https:// doi. org/ 10. 
1016/ 0042- 6989(90) 90166-i

Weinstein, S. (1968). Intensive and extensive aspects of tactile sen-
sitivity as a function of body part, sex, and laterality. In D. R. 
Kenshalo (Ed.), The skin senses (pp. 195–222). Thomas.

Weiss, Y., & Adelson, E. H. (1998). Slow and smooth: A Bayesian the-
ory for the combination of local motion signals in human vision. 
MIT Press. https:// dspace. mit. edu/ handle/ 1721.1/ 7252

Wertheimer, M. (1912). Experimentelle Studien uber das Sehen von 
Bewegung [Experimental studies on seeing motion]. Zeitschrift 
Fur Psychologie, 61, 161–278. https:// ci. nii. ac. jp/ naid/ 10024 
048816/

Whitsel, B. L., Franzen, O., Dreyer, D. A., Hollins, M., Young, M., 
Essick, G. K., & Wong, C. (1986). Dependence of subjective trav-
erse length on velocity of moving tactile stimuli. Somatosensory 
Research, 3(3), 185–196. https:// doi. org/ 10. 3109/ 07367 22860 
91445 83

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/jn.00391.2014
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/BF03207017
https://doi.org/10.1037/0096-1523.22.4.839
https://doi.org/10.1037/0096-1523.22.4.839
https://doi.org/10.1016/S0042-6989(00)00230-3
https://doi.org/10.1016/S0042-6989(00)00230-3
https://doi.org/10.1038/nn1669
https://doi.org/10.1068/p3072
https://doi.org/10.1037/0278-7393.17.2.302
https://doi.org/10.1037/0278-7393.17.2.302
https://doi.org/10.1080/13506280143000313
https://doi.org/10.1016/0042-6989(90)90166-i
https://doi.org/10.1016/0042-6989(90)90166-i
https://dspace.mit.edu/handle/1721.1/7252
https://ci.nii.ac.jp/naid/10024048816/
https://ci.nii.ac.jp/naid/10024048816/
https://doi.org/10.3109/07367228609144583
https://doi.org/10.3109/07367228609144583

	Need for (expected) speed: Exploring the indirect influence of trial type consistency on representational momentum
	Abstract
	Introduction
	Influence of expectations on representational momentum
	The present study

	Experiment 1
	Method
	Participants
	Design
	Apparatus and stimuli
	Procedure
	Data preparation

	Results
	Discussion
	Experiment 2
	Method
	Participants
	Design, apparatus and stimuli, procedure, and data preparation

	Results
	Discussion
	Exploring the mechanism underlying the indirect influence of trial type consistency
	Experiment 3
	Method
	Design, apparatus and stimuli, procedure, and data preparation

	Results
	Discussion
	Experiment 4
	Method
	Design, apparatus and stimuli, procedure, and data preparation

	Results
	Discussion
	General discussion
	Conclusions
	Appendix 1: Exploratory analysis of inconsistent motion trials
	References


