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Abstract
How we perceptually organize a visual stimulus depends not only on the stimulus itself, but also on

the temporal and spatial context in which the stimulus is presented and on the individual processing

the stimulus and context. Earlier research found both attractive and repulsive context effects in

perception: tendencies to organize visual input similarly to preceding context stimuli (i.e., hyster-

esis, attraction) co-exist with tendencies that repel the current percept from the organization that

is most dominant in these contextual stimuli (i.e., adaptation, repulsion). These processes have

been studied mostly on a group level (e.g., Schwiedrzik et al., 2014). Using a Bayesian hierarchical

model comparison approach, the present study (N = 75) investigated whether consistent individual

differences exist in these attractive and repulsive temporal context effects, with multistable dot

lattices as stimuli. In addition, the temporal stability of these individual differences in context effects

was investigated, and it was studied how the strength of these effects related to the strength of
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individual biases for absolute orientations. The results demonstrate that large individual differences

in the size of attractive and repulsive context effects exist. Furthermore, these individual differ-

ences are highly consistent across timepoints (one to two weeks apart). Although almost everyone
showed both effects in the expected direction, not every single individual did. In sum, the study

reveals differences in how individuals combine previous input and experience with current input

in their perception, and more generally, this teaches us that different individuals can perceive iden-

tical stimuli differently, even within a similar context.

Keywords
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effects
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When we visually experience the world, our experience consists of organized wholes rather than
many separate sensations (Wagemans, 2018). Perceptual organization of the visual input we
receive from the world is an active process, including perceptual grouping and figure-ground seg-
regation. Although the Gestalt principles of perceptual organization are often described as
“laws,” which seems to imply a deterministic character, individual differences exist in sensitivity
to several grouping principles such as grouping by proximity and grouping by similarity
(Wagemans et al., 2018). Furthermore, when individuals perceive multistable stimuli, individual
biases can exist, for instance, in the probability to perceive one orientation more often than
another objectively equiprobable orientation (Kubovy & van den Berg, 2002).

Perceptual organization of current visual input can however also be influenced by its temporal
context, including previously presented stimuli and their perceived organization. Earlier research
has found both attractive and repulsive context effects in perception (Snyder et al., 2015).
Attractive context effects (also called hysteresis, stabilization, facilitation, etc.) entail that indivi-
duals tend to organize current visual input in a similar way as preceding or simultaneous context
stimuli (see the left side of Figure 1): When people perceive a certain organization in the context
stimulus, they are more likely to perceive the same organization in the test stimulus. The repulsive
context effect (also known as negative hysteresis, adaptation, contrast, differentiation, etc.) entails
that perception tends to repel or move away from the organization that is dominant in the contextual
stimuli (see the right side of Figure 1): When a lot of evidence for a certain organization is present in
the context stimulus, people are less likely to perceive that organization in the test stimulus.
Attractive and repulsive tendencies are concurrently present. Schwiedrzik et al. (2014) found evi-
dence for two separate mechanisms underlying hysteresis and adaptation, as they mapped into dis-
tinct cortical networks. Whether they are part of the same process or separate processes is still under
debate, however (e.g., Gepshtein & Kubovy, 2005).

Hysteresis and adaptation in multistable dot lattices
Gepshtein and Kubovy (2005) presented a paradigm that allows to disentangle attractive and repul-
sive context effects on perception. They used multistable dot lattices as context and test stimuli, and
investigated the influence of (a) the perceived organization of the context stimulus (i.e., which
organization was reported) and (b) the stimulus support for a certain organization in the context
stimulus (dependent on the stimulus’ aspect ratio) on the perception of a second, test stimulus.

Multistable dot lattices are arrays of aligned dots in which multiple orientations can be perceived
(see Figure 2). The closer the dots are spaced along a particular orientation, the more likely they are
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grouped together and that orientation will be perceived (cf. the Gestalt law of proximity; Kubovy
et al., 1998). This relative grouping strength has been shown to follow a decreasing exponential
function of the relative inter-dot distance in that orientation (Kubovy et al., 1998).

In rectangular dot lattices (see the left side of Figure 3), four different orientations can be per-
ceived, of which two are more prevalent (as the dots are closer together along these orientations).
The relative dominance of the a orientation relative to the b orientation is expressed in the aspect
ratio of the dot lattice (AR = |a|/|b|).1 For a lattice with AR = 1, the distance between the dots in
the a and b orientation is equal. For a lattice with AR < 1, the distance between the dots is

Figure 2. Explanation regarding the aspect ratio of a multistable rectangular dot lattice. In rectangular dot

lattices, four different orientations can be perceived, of which two are more prevalent (as the dots are closer

together along these orientations). The relative dominance of the a orientation relative to the b orientation is

expressed in the aspect ratio of the dot lattice (AR = |a|/|b|).

Figure 1. Illustration of attractive and repulsive context effects. Left side: attraction effect (hysteresis). When

the stimulus is perceived as a car at time 1 (T1), the probability that another stimulus at time 2 (T2) will be

perceived as a car is higher than when the stimulus at T1 was interpreted as a tortoise. Right side: repulsion

effect (adaptation). When the stimulus at T1 is a very clear example of a car, the probability that another

stimulus at T2 will be perceived as a car is lower than when the stimulus at T1 was a more ambiguous example

of a car.
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smaller in the a than in the b orientation. For a lattice with AR > 1, the distance between the dots is
smaller in the b than in the a orientation. In hexagonal dot lattices (see the right side of Figure 3),
three prominent orientations are present and equally plausible, which makes it a very ambiguous or
unstable lattice type. In both types of lattices we will define the axis orientation of the dot lattice as a
whole by the orientation of a, which we will call the 0◦ orientation. In the rectangular dot lattices, we
will call the b orientation the 90◦ orientation.

Gepshtein and Kubovy (2005) used rectangular dot lattices with a randomly varying lattice orien-
tation as context stimuli and more ambiguous hexagonal dot lattices with the same random lattice
orientation as test stimuli. The stimulus support for a particular organization in the context stimulus
was manipulated by varying the aspect ratio of the rectangular lattice (i.e., the distance between the
dots in the a vs. the b orientation). They then investigated the influence of (a) the perceived orien-
tation and (b) the aspect ratio in the context stimulus on the perceived orientation in the test stimulus.

Hysteresis was present when participants perceived the same orientation in both the context and
test stimulus (i.e., the a or 0◦ orientation). Adaptation was present when participants perceived a dif-
ferent orientation in the test stimulus than the one for which there was most support in the context
stimulus.

Probabilities for perceiving a particular organization in the test stimulus increased when the same
organization was perceived in the context stimulus compared to when an alternative organization

Figure 3. Dominantly perceived orientations in multistable rectangular and hexagonal dot lattices.

Figure 4. Illustration of attractive and repulsive context effects in dot lattices. Left side: attraction effect

(hysteresis). When the first lattice (L1) is perceived as orientation a, the probability that the second lattice (L2)
will be perceived as orientation a is higher than when L1 was interpreted as orientation b. Right side: repulsion
effect (adaptation). When strong support for orientation a is present in L1, the probability that L2 will be

perceived as a orientation a is lower than when L1 had less support for orientation a.

4 i-Perception 13(4)



was perceived in the context stimulus (i.e., hysteresis effect, see the left side of Figure 4). At the
same time, the stronger the stimulus support was for a certain organization in the context stimulus
(i.e., the closer the dots were together in one dominant orientation compared to the other dominant
orientation), the lower the probability was that the same organization was perceived in the test stimu-
lus (i.e., adaptation effect, see the right side of Figure 4). The effects of hysteresis and adaptation
were found to combine multiplicatively (in a logistic regression model they related to the current
percept independently). Schwiedrzik et al. (2014) used a very similar paradigm as Gepshtein &
Kubovy (2005), tested more participants, and added brain imaging to investigate the neural under-
pinnings of both effects. They found similar behavioral results to those reported by Gepshtein &
Kubovy (2005; see Figure 5), and the fMRI data provided evidence for two separate mechanisms
underlying adaptation and hysteresis effects, as the effects mapped into distinct cortical networks.
In addition, Schwiedrzik et al. (2014) reported interindividual variability in the size of the hysteresis
effect, and these individual differences were correlated with differences in activation between hys-
teresis and no hysteresis trials for the right dorsomedial prefrontal cortex.

Does every individual show these attractive and repulsive context effects, and if so, to the same
extent? Although the studies of Gepshtein and Kubovy (2005) and Schwiedrzik et al. (2014) demon-
strated the existence of these effects when based on averaged data, none of these studies focused on
individual differences in (the strength of) these temporal context effects.

Earlier work has shown that looking at averaged data alone can be misleading (Kanai & Rees,
2011) and that investigating individual differences can contribute to a richer understanding of
visual perception (Mollon et al., 2017). More specifically, when testing the presence of an effect
by looking at averaged data alone, one ignores the possibility for large consistent variation
between individuals (Kanai and Rees, 2011). Interindividual differences are treated as noise, and
it is assumed that the effect would be present for all individuals in case no measurement error
would occur. Finding evidence for an average effect however does not guarantee the true effect
for each individual to be of the same size or in the same direction. The average effect could even
be purely an artifact from the averaging procedure (Van der Hulst et al., 2022). Haaf and Rouder
(2019) proposed a model comparison approach to tackle exactly these questions: (a) whether the
data provide evidence for true, consistent individual differences in the size of an effect, and (b)
whether the estimated true effects are in the same direction for all tested individuals. To answer
the first question, they compare evidence for a model assuming that individuals share a common
effect with no individual variability (i.e., common-effect model) with a model that does not place
any constraints on the individuals’ true effects (i.e., unconstrained model). To answer the second
question, the unconstrained model is compared with a model that constrains true individuals’
effects to have a particular sign (e.g., to be positive; positive-effects model).

The current study investigates whether there is evidence for true individual differences in the size
of hysteresis and adaptation effects, and whether every tested individual shows true hysteresis and
adaptation effects in the expected direction. We do this by implementing the model comparison
strategy proposed by Haaf and Rouder (2019). Important in this regard is that these model compar-
isons bring evidence for whether true individual variation exists, rather than whether individual vari-
ation is observed when conducting a task with a finite number of trials (e.g., Mollon et al., 2017).
Observed variation between individuals can be due to multiple factors, including trial-by-trial noise,
which would not indicate consistent, true interindividual variation. The hierarchical models used in
this study allow for the modeling of trial-by-trial variation as well as variation across individuals,
and estimate the true individual effects accurately even with a finite number of trials (in contrast,
non-hierarchical sample effects are only estimating the true effects accurately in the large-trial
limit; Rouder & Haaf, 2019). Establishing whether true individual differences in the size and/or dir-
ection of hysteresis and adaptation effects exist is a necessary first step before investigations in the
sources and correlates of these true individual differences can become relevant.
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The existence of true individual differences can be of theoretical importance (e.g., Haaf &
Rouder, 2019; Miller & Schwarz, 2018), and this is the case for individual differences in hysteresis
and adaptation effects as well. For example, in case everyone shows both hysteresis and adaptation,
this would suggest both to be fundamental mechanisms in human visual perception. In case indivi-
duals differ in the extent to which they show hysteresis and adaptation, and the size of both effects is
correlated across individuals, this would suggest at least some common factor affecting the pro-
cesses underlying both effects. In case of evidence for the absence of a correlation between individ-
ual hysteresis and adaptation effects, this would imply clearly independent processes underlying the
hysteresis and adaptation effects present in this task.

The results may also be important for our understanding of individual differences in perception in
general. Interindividual differences in hysteresis and adaptation strength, if they exist, may cause differ-
ences in what individuals will actually perceive, even when the current visual input as well as the context
stimuli are equal. In case evidence for a lack of interindividual differences is found, this is evidence
against differential use of previous percept and previous stimulus context in the formation of the
current percept, and differences in hysteresis and adaptation effects can then not explain perceptual dif-
ferences between individuals given the same stimulus and context. In other words, the study will provide
insight in whether individuals can differ in their perception alone (based on differences in previously
encountered stimuli and percepts), or whether they can also differ in the processes underlying their per-
ception: whether context info is differentially used across individuals, or whether everyone combines
context and current stimulus in a similar way. Put differently, individual differences could either arise
through different context information or previous experiences (i.e., previously encountered stimuli
and percepts), or alternatively also through how the same context information is incorporated differently
by different individuals. The first would imply that consistent individual differences in perception can be
due to differences in external factors alone, and that in case everyone would have the same stimulus and
perceptual history, everyone would have the same effects of the previous stimulus and previous percept
on their current percept. The second would imply that even in case individuals have exactly the same
stimulus and perceptual history, there would still be differences in what they perceive due to differential
use of the stimulus and perceptual history when coming to the current percept.

Although earlier research has found evidence for individual differences in several tasks assessing
hysteresis, adaptation, or their ratio (e.g., Abrahamyan et al., 2016; Mattar et al., 2018; McGovern
et al., 2017; Song et al., 2013a, 2013b), only a few studies have attempted to quantify both effects
concurrently at the level of the individual participant, by distinguishing the effects of previous stimu-
lus support and previous percept or response (e.g., Bosch et al., 2020; Urai et al., 2017; Zhang &
Alais, 2019). Moreover, in none of these studies individual differences in effects of previous stimu-
lus and perceptual choice were the focus of study.

Urai et al. (2017) asked participants to report whether a test stimulus contained stronger or weaker
motion than a reference stimulus, and found robust and idiosyncratic patterns of history biases based
on previous stimulus and previous choice, with the weight of the preceding choice generally being
stronger than the effect of the preceding stimulus. They also found large interindividual variability in
the effect of the previous choice, with a majority of the participants showing hysteresis and some
showing alternation.

Zhang and Alais (2019) asked participants to report which orientation (+45◦ or −45◦) they per-
ceived in a grating embedded in noise. In a version of the task where motor response and perceptual
choice could not be distinguished, they found large individual differences in the effect of the previ-
ous choice or response, but rather consistently no effect of the previous stimulus shown. Based on
the results from a task in which motor response and perceptual choice could be distinguished, they
suggested that individual differences in the sign of the serial dependence reflect different relative
weightings of the hysteresis effect for perceptual choice and the adaptation effect for motor
response.
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Bosch et al. (2020) examined the effects of choice history and evidence history on subsequent
perceptual choices by asking participants to identify a coherent motion test stimulus as more or
less coherent than a reference stimulus. They found evidence for a bias toward the previous
choice, but, at the same time, they found evidence for a bias away from the direction of evidence
on the previous trial, especially when it concerned strong evidence. Although almost all participants
showed an attractive choice history bias and all participants showed a repulsive evidence history
bias, the size of the choice history bias varied considerably across participants (cf. Supplemental
Figure 2 in Bosch et al., 2020).

Hysteresis and adaptation deriving from the same or separate mechanisms?
Whether hysteresis and adaptation effects are the result of the same process or of two separate pro-
cesses is still under debate. Whereas some argue that both effects can be explained through a single
mechanism of sensory integration operating over varying timescales (Mattar et al., 2016), of persist-
ent bias (Gepshtein & Kubovy, 2005), or of neuronal adaptation (Maus et al., 2013), others state that
both are separate processes, either in the same neuronal location (e.g., Brascamp et al., 2008) or in
distinct cortical networks (Fritsche et al., 2020; Pascucci et al., 2019; Schwiedrzik et al., 2014).
Additional arguments for assuming separate mechanisms are differences in the extent to which hys-
teresis and adaptation are dependent on attention, are modulated by subjective confidence, are
modulated by working memory delay, or exhibit clear spatial specificity (for an overview, see
Fritsche et al., 2020). Many have also distinguished the effects based on their source being stimulus-
related, percept-related, choice-related or motor-related (e.g., Bosch et al., 2020; Carter et al., 2014;
Cicchini et al., 2017; Pascucci et al., 2019; Sadil et al., 2021; Zhang & Alais, 2019).

In case individual differences are present in both hysteresis and adaptation, we can also determine
the correlation in the size of both effects. A strong correlation between hysteresis and adaptation
may suggest at least some common factor affecting the mechanisms underlying both effects,
whereas evidence for a correlation close to zero may imply independent processes underlying
both effects. Based on a reanalysis of the data from Schwiedrzik et al. (2014),2 we expect a positive
correlation between individual hysteresis and adaptation effects.

Hysteresis as a perceptual or decisional effect
Whereas adaptation is typically seen as a stimulus-related effect (e.g., Fritsche et al., 2017; Pascucci
et al., 2019; Sadil et al., 2021), there is more debate on the nature of the hysteresis effect. Whereas
some “serial dependence” research has suggested the attractive history effect to be the result of a
perceptual process (e.g., Carter et al., 2014; Cicchini et al., 2017; Manassi et al., 2018;
Schwiedrzik et al., 2018), other research has suggested a post-perceptual, decision-related source
of the effect (e.g., Bosch et al., 2020; Fritsche et al., 2017; Pascucci et al., 2019).

In the current study we define hysteresis as a percept-related effect, but it cannot be excluded that
the nature of the effect could be related to post-perceptual decision processes rather than perceptual
processes. To control for the possibility of the hysteresis effect being a purely decisional rather than
a perceptual effect, we included the control task presented by Schwiedrzik et al. (2018) as an add-
itional task in our study. In this control task, the rectangular dot lattices used as context stimuli were
replaced by random dot lattices that could not induce the perception of a particular orientation.
Participants were then asked to choose between four simultaneously presented orientations. As in
the main task, the test stimuli were hexagonal dot lattices, and also here participants chose
between four simultaneously presented orientations. In case the hysteresis effect would be a decisio-
nal effect rather than a percept-related effect, an influence of the response to the first random dot
lattice would still have an effect on the perceived orientation in the test stimulus (i.e., a hysteresis
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effect would be present). In case the hysteresis effect would be percept-related, no hysteresis effect
would be found in this control task.

Making the distinction between stimulus-related, percept-related,
and response-related effects
Whereas the debate has mostly focused on attractive history effects being perceptual or post-
perceptual (e.g., Cicchini et al., 2017; Fritsche et al., 2017; Manassi et al., 2018; Pascucci et al.,
2019), we argue that it is important to make a distinction between stimulus-related effects on the
one hand and percept-, response-, or decision-related effects on the other hand. The mixed results
in the serial dependence literature are in our view partially due to the use of paradigms that
cannot make this distinction between influences of previous stimuli and previous percepts. In add-
ition, in many studies the distinction between percept, response, or decision is difficult to make. The
literature suggesting the hysteresis effect to be post-perceptual has typically argued as follows:
When the effect was not stimulus-related, they concluded it to be post-perceptual, and when
stimulus-related effects were found those were typically reported as “perceptual”. Making the con-
ceptual distinction between stimulus-related and percept-related effects could help clarify this litera-
ture. The earlier findings could potentially be interpreted as evidence for perceptual hysteresis as
those studies did not distinguish between percept-related and stimulus-related effects (e.g., Bosch
et al., 2020; Fritsche et al., 2017; Pascucci et al., 2019).

Orientation bias
Earlier research reported effects of absolute orientation of stimuli on performance in several percep-
tual tasks (i.e., the “oblique effect”; Appelle, 1972) with performance being higher for horizontally
or vertically oriented stimuli than for obliquely oriented stimuli. Absolute orientation can not only
influence perceptual performance, it may also influence perceptual experience. Kubovy and van den
Berg (2002) reported three main bias categories for absolute orientation in the perception of hex-
agonal dot lattices: preference for vertical, preference for horizontal, and preference for vertical
and horizontal over oblique. Some individuals stayed in one bias pattern consistently, others grad-
ually shifted from one pattern to another. In a study by Claessens and Wagemans (2008) observers
generally preferred vertical over horizontal orientations, but the exact orientation bias distribution
was subject to individual differences. In the present study, the relation of the strength of individual’s
absolute orientation bias with the magnitude of their hysteresis and adaptation effects on perception
will be investigated. We expect the effects of hysteresis and adaptation to be smaller when a stronger
absolute orientation bias is present, as a stronger longer-term absolute orientation bias may over-
shadow influences of short-term temporal context like hysteresis and adaptation. In other words,
we expect that individuals who have a stronger longer-term prior (likely based at least partially
on longer-term stimulus history and perceptual history) will be less influenced by shorter-term
expectations (i.e., hysteresis) as well as by shorter-term stimulus history (i.e., adaptation).

Temporal stability of individual differences in hysteresis, adaptation, and orientation bias
Although previous research has investigated the temporal stability of some perceptual biases for
motion direction and of grouping behavior in multistable dot lattices (e.g., Van der Hulst et al.,
2022; Wexler et al., 2015), we do not know of any research on the temporal stability of individual
differences in the magnitude of short-term history effects or (assumedly) longer-term perceptual
absolute orientation biases. Wexler et al. (2015, Experiment 1) found that, although significant
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changes in structure-from-motion (SFM) and transparency-from-motion (TFM) bias directions
occur, most biases are stable even over periods as long as one year. In addition, they found moderate
but robust correlations between daily steps in the SFM and TFM biases, both within and between
participants (Experiment 3). Van der Hulst et al. (2022) investigated the consistency of perceptual
grouping behavior across two testing sessions that were one day apart. For most participants, behav-
ior in both sessions was moderately to very strongly correlated, indicating that perceptual grouping
behavior remained stable across testing sessions.

In this study, we investigate the temporal stability of individual differences in the magnitude of
hysteresis and adaptation effects as well as of differences in the magnitude of the absolute orienta-
tion bias, by collecting data from the same participants in two sessions at least a week apart (min-
imally 7 days, maximally 14 days). As there are reasons to believe that the data for the second
session may be less informative (e.g., participants may be less motivated for the second session
because they already took part in the tasks before, non-random dropout may occur, etc.), all
planned analyses (except for the ones on temporal stability) will be conducted based on the data
for the first session. When estimating and testing the temporal stability of the hysteresis and adap-
tation effects, we will use the hierarchical model approach suggested by Rouder & Haaf (2019), as
this approach provides a more accurate estimate of the correlation of individuals’ effects between
sessions, as it is less affected by design choices (e.g., the number of trials per individual per
session) than correlating effects estimated separately for each session (Rouder & Haaf, 2019).

Research questions and hypotheses
This study thus investigates (a) whether the average attractive and repulsive context effects found in
the perception of multistable dot lattices replicate (Gepshtein & Kubovy, 2005; Schwiedrzik et al.,
2014), (b) whether consistent individual differences exist in the size of these effects, and (c) whether
each individual shows both effects in the expected direction. Furthermore, it investigates (d) whether
individual differences in hysteresis or adaptation effects in the dot lattice paradigm discussed are
correlated, (e) whether the hysteresis effect is a perceptual or a purely decisional phenomenon,
and (f) whether individual differences in hysteresis or adaptation effects in the dot lattice paradigm
relate to differences in the strength of individuals’ absolute orientation biases. Finally, we also inves-
tigate (g) whether individual differences in the size of hysteresis and adaptation effects as well as in
the magnitude of absolute orientation biases are stable across time.

All research questions and hypotheses can be found in detail in Table 1. Firstly, the study serves
as a replication of the distinct average effects of hysteresis and adaptation on the perception of multi-
stable dot lattices found in Gepshtein & Kubovy (2005) as well as Schwiedrzik et al. (2014; see
Figure 5). Regarding the hysteresis effect, we predict that (a) the probability of perceiving orienta-
tion 0◦ (the a orientation) in the second lattice will be higher when the first lattice is perceived as
orientation 0◦ than when the first lattice is perceived as orientation 90◦ (H1). Regarding the adap-
tation effect, we predict that the probability of perceiving orientation 0◦ in the second lattice will
be lower for smaller aspect ratios in the first stimulus (|a|/|b|): The more the aspect ratio of the
first stimulus is in favor of orientation 0◦, the less the second stimulus will be perceived as orienta-
tion 0◦ (H2). Similar to those previous studies we also hypothesize that the hysteresis and adaptation
effects will combine multiplicatively (H3).

Secondly, individual hysteresis and adaptation effects are investigated. Based on the methods
developed by Haaf and Rouder (2019), we investigate whether consistent individual differences
exist in the size of these hysteresis and adaptation effects (H4), by comparing evidence for a
model with a common hysteresis effect (a common adaptation effect) across individuals with a
model including a variable hysteresis effect (adaptation effect) for every individual (Haaf &
Rouder, 2019). In addition, we investigate whether the evidence is in favor of true hysteresis and
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Table 1. Research questions and hypotheses.

H Hypothesis Statistical Test

H1 Perceiving a certain organization in the context

stimulus will increase the probability of

perceiving that same organization in the test

stimulus (i.e., hysteresis effect).

Calculate the Bayes factor in favor of the model

including the percept of the first lattice as

predictor compared to a model without the

percept of the first lattice as predictor, using

bridge sampling (Gronau et al., 2017).

H2 The stronger the stimulus support for a certain

organization in the context stimulus (i.e., based

on aspect ratio), the lower the probability to

perceive that organization in the test stimulus

(i.e., adaptation effect).

Calculate the Bayes factor in favor of the model

including the aspect ratio of the first lattice as

predictor compared to a model without the

aspect ratio of the first lattice as predictor, using

bridge sampling (Gronau et al., 2017).

H3 The hysteresis and adaptation effects described in

H1 and H2 will combine multiplicatively and

will thus be independent in logit space (i.e.,

there will be no significant interaction).

Calculate the Bayes factor in favor of the model

without interaction between the percept and the

aspect ratio of the first lattice as predictor

compared to a model with the interaction

between the percept and the aspect ratio of the

first lattice as predictor, using bridge sampling

(Gronau et al., 2017).

H4 Consistent individual differences will exist in the

size of the estimated true individual hysteresis

and adaptation effects (i.e., a model predicting

individual differences in each of these effects

will do better than a model predicting the same

effect sizes for every participant).

Calculate the Bayes factor in favor of a model

including random intercepts and slopes for every

participant compared to a model including no

random slopes (cf. unconstrained model vs.

common effects model in Haaf & Rouder, 2019),

using bridge sampling (Gronau et al., 2017). We

conduct this model comparison for each effect

separately.

H5 Every participant will show the hysteresis and

adaptation effects described in H1 and H2 to

some extent: Every participant in the study will

show an estimated true positive hysteresis

effect and an estimated true positive adaptation

effect. A model predicting a positive effect size

for every participant in the case of both

hysteresis and adaptation will do better than a

model without constraints on the direction of

the effects for every participant.

Calculate the Bayes factor in favor of a model

predicting a positive effect size for every

participant compared to a model that does not

place any order or equality constraints on

individuals’ effects, using the encompassing

approach (cf. positive effects model vs.

unconstrained model in Haaf & Rouder, 2019). In

the positive effects model, the main hysteresis

and the main adaptation effect are both

restricted to be positive. We conduct this model

comparison for each effect separately, however.

H6 The size of individuals’ estimated true hysteresis

effect will correlate positively with the size of

their estimated true adaptation effect.

Calculate the Bayes factor in favor of a model that

assumes the true linear correlation to be positive

compared to a model assuming a non-positive

true linear correlation, using the Savage-Dickey

density ratio method (Wagenmakers et al.,

2010).

H7 In the control task with a random dot lattice as

context stimulus, responding to have perceived

a certain organization in the context stimulus

will not increase the probability of perceiving

that same organization in the test stimulus (i.e.,

no hysteresis effect).

For the data of the control task, calculate the Bayes

factor in favor of the model including the

response to the first lattice as predictor

compared to a model without the response to

the first lattice as predictor, using bridge sampling

(Gronau et al., 2017).

(continued)
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adaptation effects in the expected direction for everyone (H5), by comparing evidence for a positive
effects model and an unconstrained model (Haaf & Rouder, 2019).

Thirdly, we investigate whether individual differences in hysteresis or adaptation effects in the
dot lattice paradigm discussed correlate with each other (H6). Furthermore, we examine whether
the hysteresis effect is a perceptual or a purely decisional effect by adding a control task in
which the first lattice can not induce the perception of a particular orientation (H7). In this
control task, we predict the absence of an attractive effect of the response to the first lattice on
the percept of the second lattice (i.e., no hysteresis effect). As longer-term biases may diminish
the influence of short-term temporal context effects, we also explore whether individual differences
in hysteresis or adaptation effects correlate negatively with the strength of the individual’s absolute
orientation bias (H8).

Finally, we study the temporal stability of individual differences in the size of individual’s hys-
teresis and adaptation effects (H9), as well as in the magnitude of individuals’ absolute orientation
biases (H10). We predict individual differences in the magnitude of these effects to be correlated
positively across sessions.

Methods
The data collection for this study is part of the data collection for a larger research project. Here we
specify all collected measures that are used in the scope of this specific study.

Table 1. Continued.

H Hypothesis Statistical Test

H8 The size of individuals’ orientation bias will

correlate negatively with the size of their

estimated true hysteresis and adaptation

effects.

Calculate the Bayes factor in favor of a model that

assumes the true linear correlation to be negative

compared to a model assuming a non-negative

true linear correlation, using the Savage-Dickey

density ratio method (Wagenmakers et al.,

2010).

H9 The size of individuals’ estimated true hysteresis

and adaptation effects at a first timepoint will

correlate positively with the size of their

estimated true hysteresis and adaptation effects

at a second timepoint at least one week later.

Calculate the Bayes factor in favor of a general

model that allows for a correlation between

individuals’ hysteresis (adaptation) effects across

sessions compared to a model that assumes

uncorrelated individual hysteresis (adaptation)

effects per session, using bridge sampling

(Gronau et al., 2017). In addition, compare this

general model that allows for a correlation

between individuals’ hysteresis (adaptation)

effects across sessions with a model that assumes

fully correlated individual hysteresis (adaptation)

effects across sessions (cf. Rouder & Haaf, 2019).

H10 The size of individuals’ absolute orientation bias as

measured at a first timepoint will correlate

positively with the size of their absolute

orientation bias as measured at a second

timepoint at least one week later.

Calculate the Bayes factor in favor of a model that

assumes the true linear correlation to be positive

compared to a model assuming a non-positive

true linear correlation, using the Savage-Dickey

density ratio method (Wagenmakers et al.,

2010).

Van Geert et al. 11



Participants
Anyone between 18 and 100 years old, with (corrected to) normal vision, and able to understand Dutch
instructions was able to participate. Participants were recruited via the faculty’s participant pool, personal
contacts of the researchers, social media, and offline advertisements in public places and university build-
ings. Depending on the wish of the participant, either a monetary compensation of 8 euros per hour or
one research credit per hour was offered for participation. The only criteria for exclusion from the ana-
lyses concerning the first session were (a) incomplete participation to the first session and (b) choosing
the diagonal options in the first lattice in the main task in more than 40% of the trials (this is interpreted as
an indication of random responding, based on the law of proximity, Kubovy et al., 1998). For the ana-
lyses including the data for both the first and the second session, the exclusion criteria were (a) incom-
plete participation to the first or the second session and (b) choosing the diagonal options in the first
lattice in the main task in more than 40% of the trials in either the first or the second session.

We opted for a sequential Bayes factor design with minimal and maximal n (Schönbrodt &
Wagenmakers, 2018). The minimum sample size for the first session was 30 participants. After
each five additional participants meeting the inclusion criteria, the Bayes factors related to RQ4
and RQ5 were calculated. Data collection would be terminated when either a Bayes factor of 1/6
or 6 was reached for both main research questions (i.e., H4 and H5 in Table 1)3, or when a
sample size of 75 participants for the first session was reached (i.e., 2.5 times the original sample
size). As we only conduct Bayesian analyses, a sequential stopping rule was allowed and appropriate
(Rouder, 2014, 2019; Schönbrodt & Wagenmakers, 2018; Schönbrodt et al., 2017).

Although a Bayes factor of 1/6 or 6 was reached for both main research questions after 55 participants
(andwe should have stopped according to the preregistered criteria), we continued data collection until data
was collected from 75 participants fulfilling the inclusion criteria. The decision to continue wasmade partly
because of logistic reasons (i.e., participation was already scheduled) and partly because of our preference
to continue collecting after a sudden direction change in one of the Bayes factors related to H5 going from
50 to 55 participants.4 The final sample size for the first session therefore consisted of 75 participants
between the ages of 18 and 65 years (59 women, 15 men, one other, Mage = 22.56 years, SDage =
7.92 years). The data of six participants were excluded from analyses based on the stated exclusion criteria:
one participant did not complete the first session and five participants chose the diagonal options in the first
lattice in the main task in more than 40% of the trials. The final sample size for the analyses based on the
first and the second session consisted of 72 participants between the ages of 18 and 65 years (57women, 14
men, one other, Mage = 22.69 years, SDage = 8.04 years). The data of nine participants were excluded
from analyses based on the stated exclusion criteria: besides the six participants who were excluded
because of reasons related to the first session, one participant did not complete the second session and
two participants chose the diagonal options in the first lattice in the main task of the second session in
more than 40% of the trials. As the exclusion criteria for analyses related to the first and second session
combined focused on the main task, we did include the data from all 75 participants for the visualizations
and analyses relating to the absolute orientation bias task only.

Material
Dot lattice stimuli and main task. A first version of the dot lattice paradigm that as used here was
introduced by Gepshtein and Kubovy (2005) and a modified version was used by Schwiedrzik
et al. (2014). Each trial (see Figure 6) consisted of:

(a) The presentation of a red fixation dot only (1000ms).
(b) The presentation of a rectangular dot lattice L1 at a randomly chosen 0◦-orientation (800ms), on

a gray background. The orientation of the lattice was randomized to minimize the accumulation
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of perceptual bias across trials. The dot lattice had a diameter of 11.5 degrees of visual angle
(dva) and the exact position of the dots in the lattice was jittered between 0 and 1.15 dva to
prevent that dots of subsequent displays occupy systematically related portions of space. The
“dots” were white Gaussian blobs with a diameter of 0.25 dva. The inter-dot distance, here
defined as center-to-center distance, was kept to ±1 dva and was varied with aspect ratio so
that the product of the distance in the 0◦-orientation and in the 90◦-orientation (|a|×|b|) was
invariant.

(c) A response screen for reporting the percept of L1 (4-AFC; four icons with lines parallel to pos-
sible organizations: 0◦, 90◦, and two diagonal orientations; duration under observer’s control).
The position of the response options was randomized across trials. Once the participant had
selected one of the four responses by pressing the corresponding key (e/f/i/j), a green circle
appeared around the chosen orientation (for 200ms) and the experiment automatically pro-
gressed. This was followed by an additional 100ms interval, which made the interval
between response to the first lattice and the presentation of the second lattice 300ms.

Figure 5. Expected average effects of hysteresis and adaptation on the perception of multistable dot lattices,

based on the study of Schwiedrzik et al. (2014). Vertical separation of the two lines reflects the size of the

perceptual hysteresis effect, the slope of both lines reflects the size of the perceptual adaptation effect.

Figure 6. Illustration of trial structure. Note. For reasons of visibility, the shown trial components in this

figure have black dots on a white background. The actual experiment had white dots on a grey background, as

indicated in the task description.
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(d) The presentation of a hexagonal dot lattice L2 at the same randomly chosen 0◦-orientation as dot
lattice L1 (300ms), on a gray background. The same diameters and inter-dot distances were
applied as in (b).

(e) A response screen for reporting the percept of L2 (4-AFC; four icons with line parallel to pos-
sible organizations: 0◦, 60◦, 120◦, and 90◦; duration under observer’s control). The position of
the response options was randomized across trials. Once the participant had selected one of the
four responses by pressing the corresponding key (e/f/i/j), a green circle appeared around the
chosen orientation (for 200ms) and the experiment automatically progressed. This was followed
by an additional 100ms interval, which made the interval between response to the second lattice
and the presentation of the mask 300ms.

(f) Mask presented on a gray background (550ms; dynamic random dot mask updated at 25Hz).

The red fixation dot was continuously present in the center of the screen. Participants were
instructed to fixate on the central fixation dot, and to report the first perceived organization in
case the percept switched during the presentation period of the target stimulus (either L1 or L2).
There were 21 practice trials to get participants acquainted with the task.

The independent variable is the inter-dot distance ratio in the first dot lattice stimulus (i.e., |a|/|b| =
aspect ratio of L1). This ratio varied between 1.3−1 and 1.3, with values of 1.3−1, 1.2−1, 1.1−1, 1,
1.1, 1.2, and 1.3.

The dependent variables are the individual reports of the percept of the first (L1) and of the
second dot lattice (L2) in each trial. Dominant percepts at aspect ratio equal to 1 are parallel to
the orientations 0◦ and 90◦ in the first lattice, and parallel to orientations 0◦, 60◦, and 120◦ in the
second lattice.

The 0◦-orientation in each trial was randomly chosen, covering 90◦ in steps of 1◦.
As in Schwiedrzik et al. (2014), each participant was asked to complete nine blocks of 70 trials,

with 10 trials for each of the seven aspect ratios per block. The order of trials was pseudorando-
mized: each aspect ratio occurred equally often in each block, but otherwise the order within
each block was randomized. Furthermore, the location of the four response options within and
between trials was also randomized.

Control task. To control for the possibility of the hysteresis effect being a purely decisional rather
than a perceptual effect, we included the control task presented by Schwiedrzik et al. (2018) as
an additional task in our study. This control task was equal to the main task, with the exception
of the presentation of the first lattice. In this control task, the first lattice in each trial was a
random dot lattice instead of a rectangular dot lattice, as this random dot lattice cannot induce a par-
ticular orientation. The response screen for the first lattice in each trial included the relative 0◦, 90◦,
45◦, and 135◦ orientations (i.e., the two diagonal orientations for a lattice with an aspect ratio of 1).
Each participant was asked to complete one block of 90 trials. The order of the trials was rando-
mized, as well as the location of the four response option within and between trials. There were
three practice trials to get participants acquainted with the task.

Absolute orientation bias. As we expected the effects of hysteresis and adaptation to be smaller when
a strong absolute orientation bias was present, we included a task with ambiguous hexagonal dot
lattices only, varying in absolute orientation with the a orientation from 1◦ to 60◦. In every hex-
agonal lattice, six different orientations can be perceived, of which three are most and equally dom-
inant in general. Four blocks of 60 trials were presented, with every absolute orientation shown once
per block and the presentation order randomized within each block. There were five practice trials to
get participants acquainted with the task.

Each trial consisted of:
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(a) The presentation of a red fixation dot only (750ms).
(b) The presentation of a hexagonal dot lattice at a randomly chosen 0◦-orientation varying between

1◦ and 60◦ (500ms), on a gray background. The same diameters and inter-dot distances were
applied as in the main task described above.

(c) A response screen for reporting the percept of the hexagonal lattice (4-AFC; four icons with lines
parallel to possible organizations: 0◦, 60◦, 120◦, and 90◦; duration under observer’s control). The
position of the response options was randomized across trials. Once the participant had selected
one of the four responses by pressing the corresponding key (e/f /i/j), a green circle appeared
around the chosen orientation (for 200ms) and the experiment automatically progressed. This
was followed by an additional 200ms interval, which made the interval between response to the
lattice and presentation of the next 1150ms (200ms feedback, 200ms interval, 750ms fixation dot).

Procedure
The experimental sessions took place in a darkened room using a cathode ray tube monitor
ViewSonic G90fB, 1024 by 768 pixels, at 60 cm distance, refresh rate 60Hz. Participants’ stable
head position was guaranteed by using a chinrest with forehead support. The dot lattice stimuli
were generated in Matlab 2018b using the code of Schwiedrzik et al. (2014).5 Stimulus presentation
and response collection was controlled using Python 3 (Van Rossum & Drake, 1995) and the
PsychoPy library (Peirce, 2007). In the first session, participants first completed the orientation
bias task, then the main task measuring hysteresis and adaptation, and finally the control task. In
the second session, participants completed the orientation bias task and the main task measuring hys-
teresis and adaptation for the second time. The second session took place at least one week after the
first session, with a minimum of 7 days and a maximum of 14 days apart.6

Data analysis
We used R [Version 4.0.4; R Core Team (2021)] for all our analyses.7 All models were fitted using
the R package brms (Bürkner, 2017, 2018). The analysis procedure described below (except for the
analyses related to H7, H8, and H10) had been worked out and was tested on the data previously
collected by Schwiedrzik et al. (2014).8

Preprocessing. Planned analyses were restricted to the response alternatives with equal likelihood at
aspect ratio equal to 1. This means that only trials in which participants responded 0◦ or 90◦ for the
first lattice and 0◦, 60◦, or 120◦ for the second lattice were used. For this reason, we excluded 9,026
out of 47,250 trials (19.10%) from analyses of the main task in the first session, as well as 3,807 out
of 6,750 trials (56.40%) for the control task in the first session9 , and 6,434 out of 45,360 trials
(14.18%) for the main task in the second session. In the absolute orientation bias task, 1,848 out
of 18,000 trials (10.27%) with 90◦ responses were excluded in the first session, and 1,045 out of
18,000 trials (5.81%) in the second session.

For visualization purposes, we computed, per participant and on average, the logit of the prob-
ability to perceive the 0◦ orientation in the first stimulus (i.e., logit[p(l1 → 0◦)]) and the logit of the
probability to perceive the 0◦ orientation in the second stimulus given that the first stimulus was per-
ceived as orientation 0◦ or orientation 90◦ (i.e., logit[p(l2 → 0◦)] for l1 → 0◦ and for l1 → 90◦) to
overcome floor effects at high aspect ratios10 :

logit[p(l1 → 0◦)] = ln
p(l1 → 0◦)

1− p(l1 → 0◦)

[ ]
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and

logit[p(l2 → 0◦)] = ln
p(l2 → 0◦)

1− p(l2 → 0◦)

[ ]
.

To determine the preferred orientation direction and the size of the individual’s absolute orientation
bias, we calculated the direction and magnitude of the orientation vector per participant (cf. Curray,
1956). The orientation vector is the vector of all chosen orientations, excluding trials in which par-
ticipants chose the unlikely 90◦ orientation in the hexagonal lattices (1,848 trials out of 18,000 were
excluded for this reason in the first session and 1,045 trials out of 18,000 in the second session). The
vector direction can be interpreted as the preferred orientation direction, whereas the vector magni-
tude, which varies from 0% to 100%, can be interpreted as the strength of the absolute orientation
bias. Vector magnitude (L) and direction (θ) were calculated as follows (Curray, 1956):

L =
������������������������������������
(
∑

n sin 2 θ)2 + (
∑

n cos 2 θ)2
√

∑
n

∗ 100

θ = 1
2
arctan

∑
n sin 2 θ∑
n cos 2 θ

.

Data visualizations. We plot the average and individual results on probability scale and logit scale for
perceiving the first lattice as orientation 0◦ (Y-axis: logit[p(l1 → 0◦)]; X-axis: aspect ratio L1) and
for perceiving the second lattice as orientation 0◦ (Y -axis: logit[p(l2→ 0◦)]; X-axis: aspect ratio L1;
grouping var = l1→ 0◦ or l1→ 90◦). As the relative grouping strength of the dots in a lattice among
a certain orientation has been shown to follow a decreasing exponential trend in function of the rela-
tive inter-dot distance in that orientation (Kubovy et al., 1998), the logit of the probability is approxi-
mately linear. Vertical separation of the two lines reflects the size of the perceptual hysteresis effect;
the slope of both lines reflects the size of the perceptual adaptation effect. We also plot the results
regarding absolute orientation bias, on average, per individual, and per block.

Regarding the individual estimates of the hysteresis and adaptation effect, we plot mean estimates
and 95% highest density continuous intervals for the hysteresis and adaptation effect separately, the
correlation between individual hysteresis and adaptation effects, as well as the correlation between
the individual orientation bias and the size of the estimated individual hysteresis and adaptation
effects.

Model estimation. The full model used to estimate individual hysteresis and adaptation effects is a
Bayesian multilevel binary logistic regression model predicting the percept of the second lattice
(Yijkl), with aspect ratio of the first lattice (AR) and the percept of the first lattice (R10) as fixed
and random effects. The model thus includes fixed and individual random effects for percept in
the first lattice (i.e., hysteresis effect) as well as aspect ratio in the first lattice (i.e., adaptation
effect), and individual random intercepts.

Yijkl stands for the response variable, more specifically the percept of the second lattice, for the lth
replicate for the ith participant, i = 1,…, I in the jth condition for aspect ratio of the first lattice (AR),
j = 1,…, 7 and the kth condition for the percept of the first lattice (R10), k = 1, 2 with l = 1,…, Lijk .
I is the number of participants in the data. Yijkl is modeled to follow a Bernoulli distribution with a
probability pijkl of the second lattice being perceived as the 0◦ orientation. The percept of the first and
the second lattice can be 0 (when different from the 0◦ orientation in the lattice) or 1 (when equal to
the 0◦ orientation in the lattice). Centered aspect ratio was used, which means that a value of zero
corresponds to an aspect ratio of 1, a value of 1.1−1 − 1 (i.e., ≈ −0.09) corresponds to 1.1−1, and a
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value of 1.11 − 1 (i.e., 0.10) to an aspect ratio of 1.1.

Yijkl ∼ Bernoulli(pijkl)

log
pijkl

1− pijkl

( )
= β0 + β jAR+ βkR10+ βi0 + βijAR+ βikR10

β0 represents the fixed intercept, whereas β j and βk represent the fixed adaptation and hysteresis
effect, respectively. βi0, βij, and βik represent the individual random intercepts, the individual
random slopes of aspect ratio of the first lattice (i.e., adaptation effects), and the individual
random slopes of percept of the first lattice (i.e., hysteresis effect), respectively. Another way to for-
mulate the model is:

R20 ∼ Intercept + AR+ R10+ (Intercept + AR+ R10 | participant).
Figure 7 visualizes the priors we specified for the fixed effects, for the standard deviation of the
random effects, and for the correlation matrix.

We fitted this model of perceived L2 orientation using brms (Bürkner, 2017, 2018). We used four
chains with 20,000 iterations each with the default number of warmup iterations per chain. In case of
computational issues we could have decided to deviate from the specified number of iterations, but
this was not necessary. We used a delta equal to .8 and a maximum treedepth of 10. For any other
sampling specifications we used the default settings when possible.

Average hysteresis effect (H1). To test the presence of an average hysteresis effect across individuals,
we compared a model including the percept of the first lattice as predictor versus a model without the
percept of the first lattice as predictor and calculated the Bayes factor in favor of the model including
the hysteresis effect, using bridge sampling (Gronau et al., 2017). In case the Bayes factor was in
favor of the model including the hysteresis effect, we report the mean and 95% highest density con-
tinuous interval (HDCI) for the coefficient related to the percept of L1 in the full model described
above, to have an estimate of the size of the average hysteresis effect.

Average adaptation effect (H2). To test the presence of an average adaptation effect across indivi-
duals, we compared a model including the aspect ratio of the first lattice as predictor versus a
model without the aspect ratio of the first lattice as predictor and calculated the Bayes factor in
favor of the model including the adaptation effect, using bridge sampling (Gronau et al., 2017).
In case the Bayes factor was in favor of the model including the adaptation effect, we report the
mean and 95% highest density continuous interval (HDCI) for the coefficient related to the
aspect ratio of L1 in the full model, to have an estimate of the size of the average adaptation effect.

Independence of average hysteresis and adaptation effects (H3). To test the independence of the
average hysteresis and adaptation effects, we compared a model including the interaction

Figure 7. Illustration of priors used in the model predicting the percept of L2.
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between the percept and the aspect ratio of the first stimulus as predictor versus a model without the
interaction and calculated the Bayes factor in favor of the model without the interaction, using bridge
sampling (Gronau et al., 2017). In case the Bayes factor was in favor of the model including the
interaction effect, we report the mean and 95% highest density continuous interval (HDCI) for
the interaction coefficient in a full model including the interaction and all random effects, to have
an estimate of the size of the average interaction effect.

Individual hysteresis and adaptation effects: Do individual effects differ? (H4). To test whether individual
hysteresis and adaptation effects differ in size, we calculated the Bayes factor in favor of a model
including random intercepts and slopes for every participant compared to a model including no
random slopes (cf. unconstrained model vs. common effects model in Haaf & Rouder, 2019),
using bridge sampling (Gronau et al., 2017). We conducted this model comparison for each
effect separately.

Individual hysteresis and adaptation effects: Does everyone show the effects? (H5). To test whether every
individual participant shows a positive hysteresis or adaptation effect, we calculated the Bayes factor
in favor of a model predicting a positive effect size for every participant compared to a model that
does not place any order or equality constraints on individuals’ effects, using the encompassing
approach (cf. positive effects model vs. unconstrained model in Haaf & Rouder, 2019). In the
positive-effects model, the main hysteresis and the main adaptation effect are both restricted to
be positive. The model comparison was done for each effect separately, however.

Does the size of hysteresis and adaptation effects correlate positively across individuals? (H6). To deter-
mine the size of the hysteresis effect, we used the individual estimates for the effect of the percept of
the first lattice on the percept of the second lattice. To determine the size of the adaptation effect, we
used the individual estimates for the effect of aspect ratio of the first lattice on the percept of the
second lattice. These estimates are based on the Bayesian model of the percept of the second
lattice described above, with the aspect ratio of the first lattice and the percept of the first lattice
as fixed effects, with random intercepts and random slopes for both hysteresis and adaptation effects.

To test whether the size of individuals’ hysteresis effect correlates positively with the size of their
adaptation effect, we calculated the Bayes factor in favor of a model that assumes the true linear
correlation to be positive compared to a model assuming a non-positive true linear correlation
using the Savage-Dickey density ratio method (Wagenmakers et al., 2010). As this is a one-sided
hypothesis, the Bayes factor is equal to the posterior probability under the hypothesis (r > 0)
against its alternative (r <= 0). To have an estimate of the strength of the correlation, we report
the mean and 95% HDCI for the correlation between estimated individual hysteresis and adaptation
effects, based on the full model described above.

Is the hysteresis effect absent in the control task? (H7). To test the presence of an average hysteresis
effect across individuals in the control task, we compared a model including the response to the first
lattice as predictor versus a model without the response to the first lattice as predictor and calculated
the Bayes factor in favor of the model without the hysteresis effect, using bridge sampling (Gronau
et al., 2017). In case the Bayes factor was in favor of the model including the hysteresis effect, we
report the mean and 95% highest density continuous interval (HDCI) for the coefficient related to the
response to the first lattice in a model including the response to the first lattice as a main and random
effect, to have an estimate of the size of the effect.

Do individual differences in absolute orientation bias correlate negatively with hysteresis and adaptation
effects? (H8). To test whether the size of individuals’ orientation bias correlates negatively with
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the size of their hysteresis and adaptation effects, we calculated the Bayes factor in favor of a model
that assumes the true linear correlation to be negative compared to a model assuming a non-negative
true linear correlation, using the Savage-Dickey density ratio method (Wagenmakers et al., 2010).
As this is a one-sided hypothesis, the Bayes factor is equal to the posterior probability under the
hypothesis (r < 0) against its alternative (r >= 0). We conducted this model comparison for each
effect separately. To have an estimate of the strength of the correlation, we report the mean and
95% HDCI for the correlation between individual orientation bias estimates and individual hyster-
esis (adaptation) effects.

Does the size of individuals’ hysteresis and adaptation effects correlate positively across timepoints? (H9).
To test whether the size of individuals’ hysteresis effect correlates positively across timepoints, we
calculated the Bayes factor in favor of a general model that allows for a correlation between indi-
viduals’ hysteresis (adaptation) effects across sessions compared to a model that assumes uncorre-
lated individual hysteresis (adaptation) effects per session (Rouder & Haaf, 2019), using bridge
sampling (Gronau et al., 2017). In addition, we compared this general model that allows for a cor-
relation between individuals’ hysteresis (adaptation) effects across sessions with a model that
assumes fully correlated individual hysteresis (adaptation) effects across sessions (Rouder &
Haaf, 2019). We conducted these model comparisons for each effect separately. To have an estimate
of the strength of the temporal stability, we report the mean and 95% HDCI for the correlation
between individual hysteresis (adaptation) estimates across sessions, based on the winning model
(in case the winning model is not the model assuming the absence of a correlation).

Does the size of individuals’ absolute orientation biases correlate positively across timepoints? (H10). To
test whether the size of individuals’ absolute orientation bias correlates positively across timepoints,
we calculated the Bayes factor in favor of a model that assumes the true linear correlation to be posi-
tive compared to a model assuming a non-positive true linear correlation using the Savage-Dickey
density ratio method (Wagenmakers et al., 2010). As this is a one-sided hypothesis, the Bayes factor
is equal to the posterior probability under the hypothesis (r > 0) against its alternative (r <= 0). To
have an estimate of the strength of the temporal stability, we report the mean and 95% HDCI for the
correlation between individual orientation bias estimates across sessions.

Results
In Figures 8 and 9 one can find the results on logit scale on average and per participant respectively.
The same figures representing the results on probability scale can be found in the Supplemental
Appendix (see Figures A1 and A2). In addition, graphs using the alternative logit calculation as
used by Gepshtein and Kubovy (2005) and Schwiedrzik et al. (2014) are provided in the
Supplemental Appendix too (see Figures A3 and A4).

Confirmatory analyses
Average hysteresis and adaptation effects? (H1-2). The Bayes factor in favor of the model including
the influence of the L1 percept is very large, with the exact value outside of computer precision.
This means that the data are more likely under the model with the hysteresis effect. The Bayes
factor in favor of the model including the influence of aspect ratio on the second lattice is
8 × 1025. This means that the data are more likely under the model with the adaptation effect.
For a visual representation of the average predicted hysteresis and adaptation effects in the full
model, see Figures 8 and A1.
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Figure 10 shows the posterior distributions of the fixed effects, standard deviation of random
effects, and the correlation between the random effects in the model predicting the perceived orien-
tation in the second lattice. Figure 10a shows the posteriors for the effect of the perceived orientation
in the first lattice (i.e., hysteresis effect) and the effect of aspect ratio (i.e., adaptation effect) on the
perceived orientation in the second lattice. The 95% highest density continuous interval for the main
hysteresis effect ranges from 2.01 to 2.64. The 95% highest density continuous interval for the main
adaptation effect ranges from 1.64 to 2.38. Figure 11 shows the estimated individual effects of per-
ceived L1 orientation and aspect ratio of L1 in the model predicting perceived L2 orientation.

Absence of interaction effect between hysteresis and adaptation? (H3). TheBayes factor in favor of themodel
including no interaction compared to the model including an interaction is 7.3039. This means that the data
are more likely under the model without the interaction between the hysteresis and adaptation effect.

Figure 8. (a) Mean response to the first stimulus dependent on aspect ratio (logit). The probability of

responding 0◦ to the first stimulus decreases with aspect ratio (|a|/|b|). The value of aspect ratio increases with

increasing distance in the 0◦-orientation, leading to more 90◦ responses. (b) Mean response to the second

stimulus dependent on aspect ratio (logit). The probability of responding 0◦ to the second stimulus increases

with aspect ratio (|a|/|b|; i.e., adaptation effect), and increases when the first stimulus was perceived as 0◦

rather than 90◦ (i.e., hysteresis effect). Dots indicate observed values. In addition, mean posterior predictions

and their 95% highest density continuous intervals are shown.
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Are there individual differences in the size of hysteresis and adaptation effects? (H4). The Bayes factor in
favor of the model with a random effect for percept L1 (i.e., a random hysteresis effect) compared to
the common effects model is very large, with the exact value outside of computer precision. This

Figure 9. (a) Mean individual responses to the first stimulus dependent on aspect ratio (logit). The

probability of responding 0◦ to the first stimulus decreases with aspect ratio (|a|/|b|). The value of aspect ratio
increases with increasing distance in the 0◦-orientation, leading to more 90◦ responses. Dots indicate

observed values. In addition, mean posterior predictions and their 95% highest density continuous intervals

are shown. Plots for participants with the smallest and largest estimated proximity effect are indicated in

green. (b) Mean individual responses to the second stimulus dependent on aspect ratio (logit). The probability

of responding 0◦ to the second stimulus increases with aspect ratio (|a|/|b|; i.e., adaptation effect), and

increases when the first stimulus was perceived as 0◦ rather than 90◦ (i.e., hysteresis effect). Dots indicate

observed values. In addition, mean posterior predictions and their 95% highest density continuous intervals

are shown. Plots for participants with the smallest and largest estimated hysteresis effect are indicated in blue,

participants with the smallest and largest estimated adaptation effect are indicated in red.
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means that the observed data are more likely under the unconstrained model than under the common
effects model. The Bayes factor in favor of the model with a random effect for aspect ratio (i.e., a
random adaptation effect) compared to the common effects model is 2 × 1045. This means that the
observed data are more likely under the unconstrained model than under the common effects model.
These Bayes factors indicate that it is much more likely to assume individual differences in both the
hysteresis and adaptation effects than to assume everyone to show the same effect sizes.

Does everyone show hysteresis and adaptation? (H5). The Bayes factor comparing the likelihood of
the observed data under the positive effects model and under the unconstrained model for the
percept of L1 (i.e., hysteresis effect) is 0.0228 (inverse BF: 43.8232). This means that the observed
data are less likely under the positive effects model than under the unconstrained model. The Bayes
factor comparing the likelihood of the observed data under the positive effects model and under the
unconstrained model for aspect ratio of L1 (i.e., adaptation effect) is 0.0145 (inverse BF: 69.1914).
This means that the observed data are less likely under the positive effects model than under the
unconstrained model. These Bayes factors indicate that it is more likely to assume that not everyone
shows a hysteresis or adaptation effect than to assume that everyone shows these effects.

Correlation between individual hysteresis and adaptation effects? (H6). Figure 12 shows the correlation
between the individual slopes for aspect ratio and perceived L1 orientation in the model predicting
perceived L2 orientation. The Bayes factor in favor of a model that assumes the true linear correl-
ation to be larger than zero compared to a model assuming a true linear correlation smaller than or
equal to zero is larger than 1 × 104. This means that the observed data are more likely under the

Figure 10. Posterior distributions of fixed effects, standard deviation of random effects, and the correlation

between the random effects for the model of perceived L2 orientation.
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model assuming a positive linear correlation between individual hysteresis and adaptation effects
than under the model assuming a non-positive linear correlation. The 95% highest density continu-
ous interval for the correlation between individual effects of perceived L1 orientation and aspect
ratio on the perceived L2 orientation ranges from 0.53 to 0.81.

Absence of hysteresis effect in the control task? (H7). The Bayes factor in favor of the model including
the influence of the L1 percept for the data of the control task is 2 × 1029. This means that the data
are more likely under the model with the hysteresis effect. The 95% highest density continuous inter-
val for the perceived L1 orientation coefficient in the model including a fixed and random hysteresis
effect per participant in the control task ranges from 0.67 to 1.23. Although this means that the hys-
teresis effect is present in the control task, the effect is remarkably smaller than in the experimental
hysteresis and adaptation task (see Figure 13). In addition, several participants do not show an irre-
futably positive hysteresis effect in the control task. For an overview of the individual estimated hys-
teresis effects in the experimental and control task, see Figure 14.

Figure 11. Slopes for the effect of perceived L1 orientation and aspect ratio on perceiving the 0◦ orientation
in L2 per participant. Mean and 95% highest density continuous intervals are shown. The colored line indicates

the average mean effect across participants. The black line indicates a slope of zero.
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Correlation with strength of absolute orientation bias? (H8). The direction and magnitude of the orien-
tation bias per participant can be found in the Supplemental Appendix (see Figures A11 to A21).
Figure 15 shows the correlation between the magnitude of the absolute orientation bias per individ-
ual and the individual slopes for aspect ratio and perceived L1 orientation in the model predicting
perceived L2 orientation for the first session. The Bayes factor in favor of a model that assumes the
true linear correlation between the individual hysteresis effects and the magnitude of the absolute
orientation bias for the first session to be smaller than zero compared to a model assuming a true
linear correlation larger than or equal to zero is 0.006 (inverse BF: 165.6667). This means that
the observed data are less likely under the model assuming a negative linear correlation between
individual hysteresis and absolute orientation bias effects than under the model assuming a non-
negative linear correlation. The 95% highest density continuous interval for the correlation
between the individual hysteresis effects and the magnitude of the absolute orientation bias
ranges from 0.06 to 0.51, with a mean of 0.29. In addition to the planned analysis above, we

Figure 12. Correlation between individual slopes for the effect of aspect ratio and perceived L1 orientation

on perceiving the 0◦ orientation in L2. Mean and 80% highest density continuous intervals per individual are

shown. The black lines indicate a slope of zero. The colored lines give examples of plausible correlation

estimates. Note. As the estimated correlation value shown comes from a hierarchical model including both

estimates of the hysteresis and the adaptation effect, potential attenuation of the correlation as a result of

noise is already taken into account.
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calculated the Bayes factor in favor of a model assuming the true linear correlation between the indi-
vidual hysteresis effects and the magnitude of the absolute orientation bias for the first session to be
larger than zero compared to a model assuming a true linear correlation smaller than or equal to zero.
This Bayes factor is equal to 165.6667, meaning that the observed data are more likely under the
model assuming a positive linear correlation between individual hysteresis and absolute orientation
bias effects than under the model assuming a non-positive linear correlation.

The Bayes factor in favor of a model that assumes the true linear correlation between the indi-
vidual adaptation effects and the magnitude of the absolute orientation bias for the first session to
be smaller than zero compared to a model assuming a true linear correlation larger than or equal
to zero is 0.0085 (inverse BF: 118.0476). This means that the observed data are less likely under
the model assuming a negative linear correlation between individual hysteresis and absolute orien-
tation bias effects than under the model assuming a non-negative linear correlation. The 95% highest
density continuous interval for the correlation between the individual adaptation effects and the
magnitude of the absolute orientation bias ranges from 0.05 to 0.49, with a mean of 0.27.

In addition to the planned analysis above, we calculated the Bayes factor in favor of a model
assuming the true linear correlation between the individual adaptation effects and the magnitude
of the absolute orientation bias for the first session to be smaller than zero compared to a model
assuming a true linear correlation larger than or equal to zero. This Bayes factor is equal to
118.0476, meaning that the observed data are more likely under the model assuming a positive
linear correlation between individual adaptation and absolute orientation bias effects than under
the model assuming a non-positive linear correlation.

Furthermore, we explored whether a quadratic model could better fit the data than a positive
linear relation. For the hysteresis effect the Bayes factor of the model assuming a quadratic relation
compared to a model assuming a linear relation is equal to 0.2584 (inverse BF: 3.8693), meaning
that the observed data are less likely under the model assuming a quadratic relation between indi-
vidual hysteresis and absolute orientation bias effects than under the model assuming a linear rela-
tion. For the adaptation effect the Bayes factor of the model assuming a quadratic relation compared
to a model assuming a linear relation is equal to 0.4654 (inverse BF: 2.1487), meaning that the

Figure 13. (a) Posterior distribution for the percept of the second lattice separately for each percept of the

first lattice in the control task and in the experimental task. (b) Estimated hysteresis effect in the control task

and the experimental task. Mean, 66%, and 95% highest density continuous intervals are shown. The vertical

black line indicates chance level.
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observed data are less likely under the model assuming a quadratic relation between individual adap-
tation and absolute orientation bias effects than under the model assuming a linear relation.

Temporal stability of individual differences in strength of hysteresis and adaptation effects? (H9). In
Supplemental Figures A5 to A7 one can find the results on logit scale on average and per participant
for both sessions separately. The same figures representing the results on probability scale can be
found in the Supplemental Figures A8 to A10.

The Bayes factor in favor of the model that allows for a correlation between individuals’ hyster-
esis effects across sessions compared to a model assuming uncorrelated individual hysteresis effects
is 2 × 1019. This means that the observed data are more likely under the model allowing for a cor-
relation between individual hysteresis effects across sessions than under the model assuming uncor-
related effects. The Bayes factor in favor of the model that allows for a correlation between
individuals’ hysteresis effects across sessions compared to a model assuming fully correlated indi-
vidual hysteresis effects is 5 × 1083. This means that the observed data are more likely under the
model allowing for a correlation between individual hysteresis effects across sessions than under
the model assuming fully correlated effects.

Figure 14. Correlation of estimated individual hysteresis effects in the experimental and control task. Mean

and 80% highest density continuous intervals are shown. The diagonal black line indicates equal effects in

control and experimental task. The horizontal and vertical black lines indicate a hysteresis effect of zero. The

blue lines give examples of plausible correlation estimates.
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The Bayes factor in favor of a model that allows for a correlation between individuals’ adaptation
effects across sessions compared to a model assuming uncorrelated individual adaptation effects is
4 × 1015. This means that the observed data are more likely under the model allowing for a correl-
ation between individual adaptation effects across sessions than under the model assuming uncor-
related effects. The Bayes factor in favor of the model that allows for a correlation between
individuals’ adaptation effects across sessions compared to a model assuming fully correlated indi-
vidual adaptation effects is 4 × 10−7 (inverse BF: 2 × 106). This means that the observed data are
less likely under the model allowing for a correlation between individual adaptation effects
across sessions than under the model assuming fully correlated effects.

Figure 16 shows the correlation between the first and second session individual slopes for aspect
ratio and perceived L1 orientation in the model predicting perceived L2 orientation that allows for a
correlation in the effects across sessions.11

Temporal stability of individual differences in strength of absolute orientation bias effects? (H10). The
Bayes factor in favor of a model that assumes the true linear correlation between the magnitude
of the absolute orientation biases for the first and second session to be positive compared to a
model assuming a true linear correlation smaller than or equal to zero is 1999. This means that
the observed data are more likely under the model assuming a positive linear correlation between
the magnitudes of the absolute orientation bias effects across sessions than under the model assum-
ing a non-positive linear correlation. Figure 17a shows the correlation between the magnitude of the
absolute orientation bias per individual in the first and second session. Figure 17b shows the correl-
ation between the magnitude of the absolute orientation bias per individual in the first and second
session.

Additional exploratory analyses
Individual differences in the proximity effect? We explored whether the current dataset provided formal
evidence for consistent individual differences in the proximity effect, that is, the direct effect of the
aspect ratio in the first lattice on which orientation was perceived in the first lattice. The Bayes factor

Figure 15. (a) Correlation between individual slopes for the effect of the aspect ratio of L1 on perceiving the

0◦ orientation in L2 and magnitude of the absolute orientation bias in the first session. (b) Correlation

between individual slopes for the effect of perceived L1 orientation on perceiving the 0◦ orientation in L2 and

magnitude of the absolute orientation bias in the first session. Mean and 80% highest density continuous

intervals for the hysteresis and adaptation effects are shown. The black lines indicate an effect of zero. The

colored lines give examples of plausible correlation estimates.
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Figure 16. (a) Correlation between individual slopes for the effect of aspect ratio of L1 on perceiving the 0◦

orientation in L2 in the first and the second session. (b) Correlation between individual slopes for the effect of

perceived L1 orientation on perceiving the 0◦ orientation in L2 in the first and the second session. Mean and

80% highest density continuous intervals per individual are shown. The black diagonal line indicates equally

sized effects in both sessions. The colored lines give examples of plausible correlation estimates. Note. As the
estimated correlation values shown come from a hierarchical model including both the estimates from the first

and the second session, potential attenuation of the correlation as a result of noise is already taken into

account.

Figure 17. (a) Correlation between the mean direction of the absolute orientation bias in the first and

second session per individual. The circular-circular correlation coefficient as defined in Mardia & Jupp (2000) is

given. The black diagonal line indicates equal mean directions for the first and second session. (b) Correlation

between the mean magnitude of absolute orientation bias in the first and second session per individual. The

black diagonal line indicates equally sized magnitudes for the first and second session. The colored lines give

examples of plausible correlation estimates.
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in favor of the model with a random effect for proximity compared to the common effects model is
3 × 10253. This means that the observed data are more likely under the unconstrained model than
under the common effects model. This Bayes factor indicates that it is much more likely to
assume individual differences in the proximity effect than to assume everyone to show the same
effect size. Figure 18 shows the estimated individual effects of aspect ratio of L1 (i.e., proximity
effect) in the model predicting perceived L1 orientation.

In addition, we explored whether the current data provided evidence for the hypothesis that
everyone shows the proximity effect in the expected direction. The Bayes factor comparing the like-
lihood of the observed data under the negative effects model and under the unconstrained model for
the proximity effect is 4.5621. This means that the observed data are more likely under the negative
effects model than under the unconstrained model. This Bayes factor indicates that it is more likely
to assume that everyone shows a proximity effect in the expected direction, than to assume that not
everyone shows this effect in the expected direction.

Temporal stability of individual proximity effects? Figure 19 shows the correlation between the first and
second session individual slopes for aspect ratio in the model predicting perceived L1 orientation. It
is clear from the figure that the correlation between individual proximity effects for both sessions is
very high: individuals with a strong proximity effect in the first session tend to also have a strong
proximity effect in the second session. In addition, except for one participant, all proximity
effects are in the expected direction. The absolute size of the proximity effect per individual
tended to be slightly larger in the second session.

The Bayes factor in favor of a model that allows for a correlation between individuals’ proximity
effects across sessions compared to a model assuming uncorrelated individual proximity effects is
6 × 1013. This means that the observed data are more likely under the model allowing for a correl-
ation between individual proximity effects across sessions than under the model assuming uncorre-
lated effects. The Bayes factor in favor of the model that allows for a correlation between
individuals’ proximity effects across sessions compared to a model assuming fully correlated indi-
vidual proximity effects is 4 × 1063. This means that the observed data are more likely under the

Figure 18. Slopes for the effect of aspect ratio on perceiving the 0◦ orientation in L1 per participant (i.e.,

proximity effect). Mean and 95% highest density continuous intervals are shown. The colored line indicates the

average mean effect across participants. The black line indicates a slope of zero.
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model allowing for a correlation between individual proximity effects across sessions than under the
model assuming fully correlated effects.

Relation between individual proximity effects and context effects? Given that individual proximity
effects and temporal attractive and repulsive context effects (i.e., hysteresis and adaptation) show
very stable across sessions, we were interested in the relation between the direct effect of aspect
ratio on (more often) perceiving the 0◦ orientation in the first lattice (i.e., proximity effect) and
the indirect effect of aspect ratio on (less often) perceiving the 0◦ orientation in the second lattice
(i.e., adaptation effect). In addition, we computed the correlation between individual proximity
effect and hysteresis effects.

Figure 20 shows the correlation between the proximity effect and the temporal context effects per
individual. The correlation of individual proximity effects and individual adaptation effects was neg-
ligible (see Figure 20b): knowing the size of an individual’s proximity effect does not tell us much
about the size of an individual’s adaptation effect. The size of individual proximity effects and

Figure 19. Correlation between individual slopes for the effect of aspect ratio on perceiving the 0◦

orientation in L1 in the first and the second session. Mean and 80% highest density continuous intervals are

shown. The black lines indicate a slope of zero. The green lines give examples of plausible correlation

estimates. Note. As the estimated correlation value shown comes from a hierarchical model including both the

estimates for the first and the second session, potential attenuation of the correlation as a result of noise is

already taken into account.
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individual hysteresis effects was negatively correlated (see Figure 20a),12 but also the differences in
variance across the range of hysteresis effects needs to be taken into account: whereas individuals
with a strong influence of their previous percept on their current percept have a larger probability of
having a small proximity effect, individuals with a small hysteresis effect do not necessarily have a
strong direct effect of aspect ratio on their percept (i.e., a strong proximity effect).

Relation of proportion of non-dominant responses, left-right response bias, and context effects? We
explored the relation of an individual’s probability to give non-dominant responses to the first and
second lattice as well as their asymmetry of choosing a response option for the second lattice requiring
a response with the left or the right hand with the size of the individual’s attractive and repulsive context
effects. First, the probability of giving a diagonal response in the first lattice was positively correlated
across sessions, as was the probability of giving (impossible) 90◦ responses to the second lattice (see
Figure 21a). Although for the magnitude of the left-right response asymmetry most participants
showed only slight deviations from chance, participants with strong deviations from chance level did
at least sometimes show this deviation in both sessions (see Figure 21a). Furthermore, the probability
of giving a diagonal response in the first lattice correlated considerably with the probability of giving
an (impossible) 90◦ response to the second lattice as well as the difference in proportion of left and
right responses to the second lattice compared to chance level (see Figure 21b). When correlating an
indviduals’ probability of giving non-dominant responses to their estimated hysteresis and adaptation
effects, a consistent pattern arises: Whereas participants with a small number of non-dominant responses
vary widely in the size of their hysteresis and adaptation effects, having more non-dominant responses
seems to relate to smaller hysteresis and adaptation effects. A similar pattern is visible for the relation
between the size of the left-right response asymmetry to the second lattice and the size of the hysteresis
and adaptation effects: individuals with a large left–right response asymmetry typically have small hys-
teresis and adaptation effects, whereas the range of possible hysteresis and adaptation effect sizes is much
wider for individuals with only a small left-right response asymmetry.

Discussion and conclusion
With this Registered Report, we investigated (a) whether we could replicate the average attractive
and repulsive context effects found in the perception of multistable dot lattices, (b) whether

Figure 20. (a) Correlation of estimated individual hysteresis effects concerning the second lattice with

estimated individual proximity effects concerning the first lattice. (b) Correlation of estimated individual

adaptation effects concerning the second lattice with estimated individual proximity effects concerning the first

lattice. Mean and 80% highest density continuous intervals are shown. The black lines indicate a slope of zero.

The colored lines give examples of plausible correlation estimates.
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Figure 21. (a) Correlation across sessions for the probability of diagonal L1 responses, the probability of 90◦

responses for L2, and the absolute difference from chance level in selecting a left or right response option for

L2 per individual. The black diagonal lines indicate equal probabilities. (b) Correlations between the probability

of diagonal L1 responses, the probability of 90◦ responses for L2, and the absolute difference from chance level

in selecting a left or right response option for L2 per individual. (c) Correlation of estimated individual

hysteresis and adaptation effects concerning the second lattice with individual probabilities of diagonal L1

responses, probabilities of 90◦ responses for L2, and individual magnitudes of the left-right response

asymmetry to the second lattice.
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consistent differences in the size of these effects could be found between individuals, and (c)
whether every individual showed both effects in the expected direction. In addition, we investigated
(d) whether individual differences in both context effects were positively correlated, (e) whether the
hysteresis effect could be ascribed to perceptual or decisional causes, (f) whether individual differ-
ences in both context effects were correlated with the strength of individual’s absolute orientation
biases, and (g) whether individual differences in attractive and repulsive context effects as well
as in the magnitude of absolute orientation biases were stable across time. In addition, we explor-
atorily investigated (h) whether consistent differences in the size of the proximity effect exist
between individuals and whether every individual showed a proximity effect in the expected direc-
tion, (i) whether individual differences in the proximity effect were stable across time, (j) whether
individual differences in the proximity effect correlated with individual differences in the hysteresis
and adaptation effects, and (k) how individual differences in proportions of non-dominant responses
and left-right motor response biases related to individual differences in the hysteresis and adaptation
effects.

Summary of the main findings
Average results on attractive and repulsive context effects replicate (H1-3). When looking at the results
averaged across participants (see Figures 8 and A1), we successfully replicated the attractive effect
of the previous percept (i.e., perceived L1 orientation; cf. H1) and the repulsive effect of the previous
stimulus (i.e., aspect ratio of L1; cf. H2) on the current percept (i.e., perceived L2 orientation), as
well as the absence of evidence for an interaction between both effects (cf. H3). The Bayes
factors, indicating how to update our belief in one model relative to the alternative model, were
strongly in favor of including both the hysteresis and the adaptation effect. The Bayes factor com-
paring a model with and without interaction between the hysteresis and the adaptation effect was in
favor of the model without the interaction. This study thus fully replicates the average results from
Schwiedrzik et al. (2014) and Gepshtein and Kubovy (2005).

Consistent individual differences exist in the magnitude of attractive and repulsive context effects (H4).
The results averaged across participants do not tell the complete story, however: finding evidence
for an average effect does not guarantee individuals’ true effects to be of the same size or in the
same direction. When inspecting individual results for the experimental task, it is clear that indivi-
duals differ in how strongly the aspect ratio of the first lattice and their percept of the first lattice
influence their percept of the second lattice (see Figures 9b and A2b). Bayes factors strongly pre-
ferred the unconstrained models above the common effects models, providing evidence for true indi-
vidual differences in both the size of the hysteresis effect and the size of the adaptation effect.

This evidence for true individual differences in the size of attractive and repulsive temporal
context effects is of theoretical importance: It tells us that individuals cannot only differ in their per-
ception because of differences in previously encountered stimuli and percepts, but can also differ in
the way context is incorporated into perception: different individuals use context information con-
cerning the previous stimulus and the previous percept to a different extent. In other words, even
when individuals would have exactly the same stimulus history and perceptual history, they
could still differ in what they perceive due to differential use of the stimulus history and perceptual
history when forming a new percept.

Not everyone clearly shows attractive and repulsive context effects (H5). As the Bayes factors concern-
ing H5 indicated a preference for the unconstrained models above the positive effects models, these
results indicate that neither do all individuals show a clear attractive effect of the previous percept,
nor do all individuals show a clear repulsive effect of the previous stimulus. Nevertheless, almost
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everyone showed clear attractive and repulsive context effects in the expected direction. The number
of participants with an estimated true non-positive hysteresis effect and/or an estimated true non-
positive adaptation effect was very low (see Figure 11). Importantly, also individuals with an esti-
mated non-positive hysteresis or adaptation effect showed consistency across sessions, indicating
that the non-positive estimate was not a strange oddity (see Figure 16). In addition, we explored pos-
sible differences between the participants with somewhat extreme results and the other participants
but found no consistent differences regarding the demographics (e.g., age) or the number of days
in-between the two test sessions.

Even though the current findings indicate that not everyone shows hysteresis and adaptation
effects in the expected direction, the results do correspond well with the results from the reanalysis
of the data collected by Schwiedrzik et al. (2014). As having a true non-positive hysteresis and/or
adaptation effect seems to be very rare, it is reasonable that no non-positive effects were found in
that reanalysis, which only included 27 participants. The current sample thus gives a more complete
and nuanced picture on the range of plausible hysteresis and adaptation effects, but also confirms
that almost everyone shows attractive and repulsive context effects in the expected direction.

Also the finding that almost everyone shows an attractive effect of the previous percept and a
repulsive effect of the previous stimulus evidence has theoretical implications. Future research
can aim to shed light on why these context effects show this direction for almost all individuals.
Nevertheless, it is equally important for future research to take the full range of individual differ-
ences present into account when attempting to explain these effects, including the presence of at
least some individuals with a true effect in the opposite direction. In addition, it is important to inves-
tigate whether existing models of attractive and repulsive temporal context effects can incorporate
the variability found, as a good model should not only be able to predict the mean, but also plausible
variation in the effect’s size and direction.

At least a common factor affecting both hysteresis and adaptation (H6). The results indicate a strong
positive correlation between estimated individual hysteresis and adaptation effects. This positive
correlation thus suggests that there may at least be a common factor affecting the processes under-
lying both effects. It is unclear however what exactly may explain this high positive correlation
between the magnitude of both effects. One way to understand the high positive correlation is
that hysteresis and adaptation are both context effects, and that individuals can be contrasted
based on how strongly they are influenced by context in general versus how strongly they are influ-
enced by the direct perceptual evidence present. The current results can thus not exclude the hypoth-
esis that both context effects stem from the same underlying mechanism, and thus also seem to
support the hypothesis that both effects have at least some common underlying factor. This conclu-
sion is similar to the conclusion of Snyder et al. (2019), who found a positive correlation between
individual differences in inhibition across contrast and assimilation tasks, indicating at least some
common factor influencing the size of both context effects.

The attractive context effect is partially percept-related, partially decision-related (H7). As the experi-
mental task could not distinguish between a perceptual or a post-perceptual nature of the hysteresis
effect, a control task was included in which perceptual factors were ruled out. Even in the control
task there was an attractive effect of the previous response, although this effect was considerably
smaller than in the experimental task (and absent for at least some participants). This suggests
that the attractive context effect is neither solely percept-related (i.e., dependent on actually perceiv-
ing the orientation in question), nor solely decision-related (i.e., dependent on the choice for a spe-
cific orientation without involving perception). In this way, the results nuance earlier perspectives
stating ‘‘serial dependence’’ to be either a fully percept-related or a fully decision-related effect
(e.g., Bosch et al., 2020; Carter et al., 2014; Cicchini et al., 2017; Fritsche et al., 2017; Manassi
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et al., 2018; Pascucci et al., 2019; Schwiedrzik et al., 2018). Also, individuals seem to differ in the
extent to which their hysteresis effect is percept- or decision-related: several participants do not
show an indisputably positive hysteresis effect in the control task, indicating a more perceptual
basis for their hysteresis effect. The difference in the size of the hysteresis effect between the experi-
mental and the control task could potentially also be interpreted as related to decision confidence13 :
biases based on past decisions could be expected to be larger in cases in which decision confidence
was higher because the past decision was based on perceptual evidence, compared to cases in which
no perceptual evidence was present. Even when following this interpretation in terms of decision
confidence however, the actual reason for the difference stays perceptual.

The magnitude of individual’s absolute orientation bias and their attractive and repulsive context effects
correlate positively (H8). In contrast to our expectation, the magnitude of individual’s absolute orien-
tation bias did correlate positively rather than negatively with the strength of individual’s attractive
and repulsive context effects. It has to be noted, however, that Bayes factors provide an evidence
ratio between two specific models, in this case being the model assuming a negative linear correl-
ation versus the model assuming a non-negative linear correlation. Consequently, a high Bayes
factor does not guarantee the winning model to provide a good fit to the observed data. From the
scatterplots (see Figure 15), it is unclear whether a linear model provides a good fit for the data.
Although we tested whether a quadratic model could better predict the data pattern, relative evidence
for a model assuming an inverted U-shaped curve compared to a linear model was slightly in favor
of the linear model.

The results provide slight evidence for a positive relation between the size of individuals’ abso-
lute orientation bias and their hysteresis and adaptation effects. This could be interpreted as a slight
positive relation between different types of biases, but the actual reason for this positive correlation
is unclear. Furthermore, although the linear model was preferred over the quadratic model, it is
unclear whether the linear model does provide a good fit for the data.

Individual differences in attractive and repulsive context effects are stable over time (H9). Individual dif-
ferences in both attractive and repulsive context effects in the used multistable dot lattice paradigm
show to be very stable, at least across a period of 7 to 14 days. For hysteresis (i.e., attractive context
effect of the previous percept), the winning model was the model assuming a correlation but no full
correlation between the hysteresis effects in both sessions. For adaptation (i.e., repulsive context
effect of the previous stimulus shown), the winning model was the model assuming a full correlation
between the adaptation effects in both sessions. These results indicate that individual differences in
the size of hysteresis and adaptation effects are reliable indices of individual differences across time,
at least in the current multistable dot lattices paradigm, and it can be useful to investigate their rela-
tions with other individual difference factors as well as with estimates of individual hysteresis and
adaptation effects assessed using different stimuli and tasks. Our results indicating a strong but not
full correlation of individual differences in attractive context effects are in line with the results of
Kondo et al. (2022), who found a high degree of consistency within individual observers when
assessing attractive serial dependence in orientation perception.

Differences in the magnitude of individual’s absolute orientation bias are stable over time (H10).
Although a large number of the participants in the sample showed a very consistent mean absolute
orientation bias strength, this was not the case for all participants. Post-hoc analyses showed that the
mean direction of the absolute orientation bias stayed relatively stable across time, at least for most
participants (see Figure 17).
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Consistent individual differences exist in the magnitude of proximity effects, and everyone shows the
proximity effect. When exploring individual results for the proximity effect, it became clear that indi-
viduals differ in how strongly the aspect ratio of the first lattice influences their percept of the first
lattice (see Figures 9a and A2a). The Bayes factor indicated a strong preference for the uncon-
strained model above the common effects model, indicating that there is evidence for true individual
differences in the size of the proximity effect. When exploring whether everyone shows the prox-
imity effect in the expected direction, the Bayes factor indicated a preference for the negative
effects model above the unconstrained model. This supports the idea that all individuals show a
proximity effect in the expected direction.

Individual differences in the proximity effect are stable over time. Post-hoc analyses indicated high sta-
bility for individual differences in how strongly participants are affected by proximity in their
percept of the first lattice (see Figure 19). The absolute size of the proximity effect per individual
tended to be slightly larger in the second session. Furthermore, the size of individuals’ proximity
effects was negatively related to the size of individuals’ hysteresis effects: the larger an individual’s
hysteresis effect, the smaller the range of plausible values for their proximity effect, and the smaller
their proximity effect. To the contrary, the size of an individual’s proximity effect was uncorrelated
to the size of their adaptation effect in the current sample (see Figure 20). Although at first sight
proximity seems to be differentially related to hysteresis and adaptation, this result should be repli-
cated and further investigated before making firm conclusions. In case the differential relationship of
hysteresis and adaptation with proximity holds, this would suggest a dissociation between hysteresis
and adaptation.

Proportion of non-dominant responses and left-right response bias relate negatively to attractive and
repulsive context effects. Post-hoc visualizations (see Figure 21) indicated stable individual differ-
ences in the probability of choosing a non-dominant response option for the percept of both the
first and the second lattice. Although most participants showed only slight deviations from
chance, participants with strong deviations from chance level when choosing a response option
for the second lattice requiring a response with the left or the right hand did at least sometimes
show this deviation in both sessions. High probabilities of choosing non-dominant responses
related negatively to hysteresis and adaptation effects: Whereas participants with a small number
of non-dominant responses vary widely in the size of their hysteresis and adaptation effects,
having more non-dominant responses seems to be related to smaller hysteresis and adaptation
effects. In addition, individuals with a large left-right asymmetry in their L2 responses showed
smaller hysteresis and adaptation effects. These exploratory results may indicate that more attentive
participants show a larger range of possible hysteresis and adaptation effect sizes, whereas less atten-
tive participants have smaller effects of previous percept and previous stimulus on the current
percept.

Suggestions for future research
Factors correlating with individual differences in hysteresis and adaptation effects. By providing strong
empirical evidence for the existence of consistent differences in individuals’ true attractive and
repulsive context effects, this work can form a starting point for future work exploring potential
factors to explain these individual differences. Some earlier research already suggested relations
between the reduced use or differential weighting of stimulus history and some clinical conditions,
using different tasks (not distinguishing between stimulus history and perceptual history). Stein et al.
(2020) found that a reduced influence of previous stimuli on working memory contents in patients
with schizophrenia and anti-NMDAR encephalitis. Lieder et al. (2019) showed a differential use of
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previous sensory information in individuals with autism and dyslexia: whereas individuals with
autism relied more on longer-term statistics, individuals with dyslexia relied more on information
about the immediate past. Future research can explore relations with the multistable dot lattices para-
digm in different clinical conditions, but can also explore other potential correlates of individual dif-
ferences in the use of stimulus history and perceptual history across tasks (e.g., personality
differences). In addition, special attention needs to be paid to the individuals showing negative hys-
teresis and adaptation effects. Future research can investigate what underlies the unexpected direc-
tion of the effects in these individuals, and needs to take the existence of those negative effects into
account whenever attempting to explain individual differences.

Explaining the strong positive correlation between hysteresis and adaptation effects. As the current study
found evidence for a strong positive correlation between the size of attractive and repulsive context
effects across individuals, future research can further investigate the source of this strong positive
correlation. Especially theoretical and modeling work, in combination with empirical validation,
can be useful to get a more concrete insight in the process underlying this positive correlation.

Processes underlying hysteresis and adaptation effects. Why does almost everyone show attractive
effects of the previous percept and decision, and repulsive effects of the previous stimulus? Also
regarding this question, future theoretical work and modeling efforts, in combination with empirical
validation, can contribute to a better understanding of the underlying processes. In addition, the
existence of true individual differences in the size and direction of an effect has consequences for
the models and theories aiming to explain or predict these effects: It is important to verify
whether existing models and theories can reproduce or explain the range of variability found in
the effects’ size and direction across individuals, as a good model should not predict the mean
alone, but also plausible variation in the effect’s size and direction.

Individual differences in the presence of an interaction effect between hysteresis and adaptation.
Although the results from our study suggest the model without an interaction effect between hyster-
esis and adaptation to be preferred above the model including an interaction, individual differences
seem to exist in the presence of this interaction, with most participants not showing an interaction,
but some clearly showing an interaction between the two (e.g., participants 011, 029, and 081 in the
current dataset). Future research could investigate whether it is worth including an interaction effect
for a subsample of the participants to more accurately estimate their context effects.

Generalizability of individual differences in hysteresis and adaptation effects to different stimuli and tasks.
The current results indicate highly stable individual differences in attractive and repulsive context
effects across time, at least when assessed using this specific multistable dot lattices paradigm.
Future research needs to examine whether the stable individual differences in attractive and repul-
sive context effects found in the current task correlate with similar individual differences assessed
using different tasks or stimuli.

Further disentangling hysteresis as a perceptual and a decisional effect. The current study finds support
for a partially perceptual and partially decisional nature of the attractive context effect. In addition,
the current results suggest that individuals may differ in the extent to which their attractive context
effect is related to perception or decision: Whereas some individual’s effects are almost equal in size
in both control and experimental task (i.e., indicating a mainly decisional nature of the effect), most
individuals show a considerably smaller effect in the control task (i.e., indicating a combination of
perceptual and decisional nature), and some individuals do show no evidence for a hysteresis effect
in the control task (i.e., hinting at a fully perceptual nature). Future studies can focus more
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specifically on individual differences in the nature of these effects, and in that way disentangle indi-
viduals’ perception- and decision-related attractive context effects.

Further disentangling stimulus-, percept-, decision-, and response-related effects. One of the advantages
of using the current multistable dot lattices paradigm is the explicit distinction that can be made
between effects of the previous stimulus and those of the previous percept/decision/response. We
believe this distinction is crucial to enhance clarity in the research literature. Although previous
work has often distinguished between stimulus and decision or stimulus and response, any non-
stimulus related effect has typically been reported as ‘‘postperceptual.’’ We want to clarify that
the fact that an effect is non-stimulus related does not directly imply that the effect is postperceptual,
but that the effect could be the consequence of the way the stimulus was experienced (i.e., the
percept), rather than being put away as purely decisional or response-related. That said, explicitly
studying the distinct contributions of all different factors, including stimulus, percept, decision,
and motor response, is a relevant topic for future research.

Replicating and explaining the relation between absolute orientation biases and hysteresis and adaptation
effects. The results concerning the relationship between absolute orientation bias and hysteresis and
adaptation effects found in the current study were ambiguous and require further study and replica-
tion by other researchers. Given that the current results replicate, it is worth explaining how the
complex relation between these individual difference factors emerges.

Take home message
In this study, we replicated the average attractive effect of a previous percept on the current percept
and the repulsive effect of previously presented stimulus evidence on the current percept. Large indi-
vidual differences in the size of these attractive and repulsive context effects exist, however, and
these individual differences are consistent across timepoints (one to two weeks apart). Although
almost everyone shows both effects in the expected direction, not every single individual does.
Furthermore, individual differences in the size of attractive and repulsive context effects are strongly
positively correlated, suggesting at least a common factor influencing the processes underlying both
effects. In addition, the attractive context effect is shown to be partially percept-related and partially
decision-related, nuancing earlier debates on the origin of this effect.

In sum, the study provides insight in how individuals differ in how they combine previous input
and experience with current input in their perception, and more generally, this tells us that different
individuals can perceive identical stimuli differently, even within a similar context.
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Notes
1. Aspect ratio is sometimes defined as |a|/|b| with |a| and |b| with a fixed orientation but changing length (e.g.,

Schwiedrzik et al., 2014), and sometimes as |b|/|a|, where |a| varies in orientation but is always the orien-
tation with the shortest inter-dot distance (e.g., Gepshtein & Kubovy, 2005). Here we will use |a|/|b| with |a|
and |b| with a fixed orientation but changing length.

2. The results from this reanalysis are available on the Open Science Framework: https://osf.io/xa5ut/
3. As it was not feasible to use sequential sampling based on all hypotheses, we focused our sampling plan on

hypotheses 4 and 5. We view these hypotheses as our main targets for this study. As we believe the con-
clusiveness of our results depends mostly on the informativeness of the Bayes factors for hypotheses 4 and
5, a Bayes factor less informative than 6 or 1/6 for any of the additional hypotheses would not be as prob-
lematic. At least for hypotheses 1-2 and for hypothesis 6, our reanalysis of the data from Schwiedrzik et al.
(2014; with our exclusion criteria, N = 27) indicated that this sample size was enough to get a Bayes factor
above 6. For hypothesis 7–10, we could not test this as Schwiedrzik et al. (2014) did not include a control
task, an absolute orientation bias task, or two separate sessions.

4. More specifically, the Bayes factor comparing the likelihood of the observed data under the positive effects
model and under the unconstrained model for the percept of L1 (i.e., hysteresis effect) went from 3.04 (in
favor of positive effects model) to 0.02 (conclusive and in favor of the unconstrained model) when going
from 50 to 55 participants. Also the Bayes factor comparing the likelihood of the observed data under the
positive effects model and under the unconstrained model for the aspect ratio of L1 (i.e., adaptation effect)
suddenly became conclusive going from 50 to 55 participants, albeit without direction change: from 0.55 to
0.05.

5. We thank the authors for sharing their code with us.
6. For two participants the sessions were more than 14 days apart (i.e., 17 and 21 days), as the second session

had to be rescheduled because of medical reasons. Nevertheless, we included their data for the second
session in the final analysis.

7. For an overview of all R packages used, see the Supplemental Appendix.
8. We thank the authors for sharing their data with us for this purpose. The results from this reanalysis are

available on the Open Science Framework: https://osf.io/xa5ut/
9. For the control task, approximately 50% of trials are excluded, which is to be expected given that no orien-

tation was visible in the first lattice (and all responses should be chosen approximately equally).
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10. Gepshtein and Kubovy (2005) and Schwiedrzik et al. (2014) used an alternative calculation of the logodds
(cf. p. 489 in Gepshtein & Kubovy, 2005). We provide these alternative visualizations in the Supplemental
Appendix to facilitate the comparison to these papers.

11. Different from what we had preregistered, we do not show the mean and 95% HDCI for the correlation in
the winning model for the adaptation effect, as the winning model was the model assuming fully correlated
effects across sessions and thus assumes a correlation equal to 1.

12. Note that a more negative proximity effect indicates a stronger effect of proximity on perception.
Consequently, the positive slope in Figure 20a implies a negative correlation.

13. We thank an anonymous reviewer of our First Stage Registered Report for this suggestion.
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