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Retinal input is riddled with abrupt transients due to self-motion, changes in illumination, object-motion,
etc. Our visual system must correctly interpret each of these changes to keep visual perception consistent
and sensitive. This poses an enormous challenge, as many transients are highly ambiguous in that they
are consistent with many alternative physical transformations. Here we investigated inter-trial effects
in three situations with sudden and ambiguous transients, each presenting two alternative appearances
(rotation-reversing structure-from-motion, polarity-reversing shape-from-shading, and streaming-
bouncing object collisions). In every situation, we observed priming of transformations as the outcome
perceived in earlier trials tended to repeat in subsequent trials and this repetition was contingent on
perceptual experience. The observed priming was specific to transformations and did not originate in
priming of perceptual states preceding a transient. Moreover, transformation priming was independent
of attention and specific to low level stimulus attributes. In summary, we show how “transformation
priors” and experience-driven updating of such priors helps to disambiguate sudden changes of sensory
inputs. We discuss how dynamic transformation priors can be instantiated as “transition energies” in an
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1. Introduction

Our brain must reconstruct the outside visual world from a sen-
sory evidence that is always incomplete and is always intrinsically
ambiguous (Gregory, 2009; Metzger, 2009; Yuille & Kersten, 2006).
To make things worse retinal input constantly changes due to self-
motion, changes in illumination, object-motion, etc. This poses an
enormous challenge, as very different physical changes can pro-
duce identical changes in sensory evidence. An object changing
its size (an inflated frog) and an object getting closer (you are walk-
ing toward the frog) could produce the same change in sensory evi-
dence (a change in the size of a retinal image) (Combe & Wexler,
2010; Koenderink, 1986). A change of a retinal projection’s shape
may imply that object moved (a leaf was moved by a wind), that
you moved (you walked past the tree), or some combination of
both (a leaf was moved by a wind as you were walking past the
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tree) (Wexler, Panerai, Lamouret, & Droulez, 2001). An
activation-pattern of cone cells on the retina that corresponds to
somebody’s face may change because the person blushed (surface
has changed) or because the person stepped from a direct sunlight
into an ambient illumination in the shadow or because a cloud
obstructed the sun (illumination has changed) (Jameson &
Hurvich, 1989). Ambiguity of change in sensory evidence makes
it hard for the perceptual system to identify a unique physical
cause and to determine whether constancy of a particular visual
feature must be maintained. Yet, this unique physical cause is all
that matters and is what our visual system is trying to correctly
represent in perception.

None of the examples above correspond to a rare and excep-
tional event. On the contrary, they are the norm for the dynamic
environment that we actively explore and which is full of objects,
animals, clouds, wind, etc. It is the ubiquity of these events that
raises the question of how the visual system resolves their
dynamic ambiguity. The general answer to the problem is to gather
and exploit prior knowledge (Friston, Breakspear, & Deco, 2012;
Gregory, 2009; Metzger, 2009; Yuille & Kersten, 2006), and this
process has been well studied from both behavioral (Kristjansson
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& Campana, 2010; Pastukhov & Braun, 2011, 2013b) and theoreti-
cal (Friston et al., 2012; Pastukhov, Garcia-Rodriguez, et al., 2013)
perspectives, even though the neural implementations are still
poorly understood (Daw, O’Doherty, Dayan, Seymour, & Dolan,
2006). The main focus of prior research was the knowledge about
physical states (Hansen, Olkkonen, Walter, & Gegenfurtner, 2006;
Weiss, Simoncelli, & Adelson, 2002; Yang & Purves, 2003; Yuille
& Kersten, 2006), however this type of knowledge serves only as
a weak constraint because the number of transformations by far
outstrips the number of states.

Accordingly, our visual system also relies on the knowledge
about physical transformations (in addition to, and independent
of, the similar information on physical states) to determine the
most likely cause of a change in sensory evidence. Because of that
in examples above certain transformations are more likely to be
perceived than other. Previous work of on transformation priors
(Barbur & Spang, 2008; Combe & Wexler, 2010; Pastukhov,
Vonau, & Braun, 2012; Tse, 2006; Tse & Logothetis, 2002; Wexler
& van Boxtel, 2005) demonstrated their importance to the dynamic
perception and their link to ecological constraints of the outside
world. Present work extends this by asking the question whether
this prior knowledge is gathered from the recent perceptual
experience or can be considered to be static.

2. Materials and methods
2.1. Observers

All participants had normal or corrected-to-normal vision.
Observers were naive to the purpose of the experiments and were
paid for their participation. Procedures were approved by the med-
ical ethics board of the Otto-von-Guericke Universitdt, Magdeburg
“Ethik-Komission der Otto-von-Guericke-Universitdt an der Medi-
zinischen Fakultdt” and were in accordance with the Code of Ethics
of the World Medical Association (Declaration of Helsinki).

2.2. Apparatus

Stimuli were generated with MATLAB using the Psychophysics
Toolbox (Brainard, 1997). Stimuli were displayed on a CRT screen
(liyama VisionMaster Pro 514, iiyama.com) with a spatial
resolution of 1600 x 1200 pixels and refresh rate of 100 Hz. The
viewing distance was 73 cm, so that each pixel subtended approx-
imately 0.019°. In all experiments, background luminance was kept
at 36 cd/m?. The experimental room was lit dimly (ambient lumi-
nance at 80 cd/m?).

2.3. Stimuli and procedure

2.3.1. Experiment 1a. Structure-from-motion

Eighteen observers participated in the experiment. Structure-
from-motion (SFM) stimulus (see Fig. 1A and Movies 2-3)
consisted of 100 dots distributed randomly over the surface of
the illusory sphere. The diameter of the sphere was 5°, rotation
period 0.2 Hz. The diameter of a single dot was 0.057°, luminance
- 110 cd/m?. The dots were semi-transparent, i.e. the luminance of
the overlap was a sum of individual luminance levels. This pro-
vided no cue on which dot is “on top” during the overlap to exclude
any possible occlusion effects. Individual trials consisted of a ran-
dom stimulus onset delay (0.5-1 s, drawn from a uniform distribu-
tion), presentation interval (1.5s) and response interval
(unspeeded response, mean duration 587.9 + 19.4 ms), see Movies
2-3. Planar motion of all dots was inversed at a random time-point
Tchange between 0.5 s and 1 s after the stimulus onset (drawn from
a uniform distribution), see Fig. 1D and Movies 2-3. Observers

used arrow keys to report on the initial and the final direction of
illusory rotation. Observers reported unclear/mixed percept by
pressing the “down” arrow key (2.31 £ 0.63% of total trials). Each
block contained 40 On- and Off-intervals (400 trials per observer).

2.3.2. Experiment 1b. Shape-from-shading

Nine observers participated in the experiment. Shape-from-
shading (SFS) stimulus (Fig. 1B and Movie 4) had outer diameter
of 2° and inner diameter of 0.7°, gradient rings had width of 0.3°.
Stimulus orientation was defined in the direction of gradient. The
display in Fig. 1B corresponds to the orientation of 90°. Individual
trials consisted of a random stimulus onset delay (0.5-1 s, drawn
from a uniform distribution), presentation interval (1.5s) and
response interval (unspeeded response, mean duration
969.9 + 164.6 ms). The initial orientation of the display was
pseudo-randomly selected from a uniform distribution with a
22.5° step. The display was rotated by 180° at a random time-
point Tchange between 0.5 s and 1 s after the stimulus onset (drawn
from a uniform distribution), see Fig. 1E and Movie 4. Observers
reported on the initial and final state of the perceived shape using
arrow keys (up - concave, down - convex). Observers reported
unclear/mixed percept using a “left” arrow key (3.39 + 1.34% of
total trials). A single experimental session consisted of twelve
blocks. Each block contained 64 On- and Off-intervals (768 trials
per observer, 64 trials per orientation).

2.3.3. Experiment 1c. Streaming-bouncing

Nine observers participated in the experiment. Streaming-
bouncing (SB) stimulus (Fig. 1C and Movie 5) consisted of two sym-
metric trapezoid objects with identical height and bottom sides
(both 2°) but different upper sides (0.8° and 1.2°). Objects moved
with a speed of 7°/s along linear trajectories, so that they crossed
behind a circular occluder (@3¢, total presentation duration 1.5 s),
see Fig. 1F and Movie 5. Response was unspeeded, mean duration
351.9 £ 62.7 ms. In half of the trials (selected randomly), objects
continued the linear motion, whereas in the other half of the trials
they “bounced” off each other. Observers used arrow keys to report
whether they perceived streaming (objects continued the linear
motion, left arrow) or bouncing (objects “bounced” off each other,
altering their motion path, right arrow). A single experimental ses-
sion consisted of ten blocks. Each block contained 80 On- and Off-
intervals (800 trials per observer).

2.3.4. Experiment 2

Nine observers participated in the experiment. Procedure was
identical to that of Experiment 1a. Display in the baseline condition
was identical to that in Experiment 1a. In the second condition, the
planar motion inversion was omitted on half of randomly selected
trials, producing a nearly unambiguous perception of stable illu-
sory rotation.

2.3.5. Experiment 3a. Specificity to location

Six observers participated in the experiment. Structure-from-
motion (SFM) stimulus was identical to that used in the main
experiment. Procedure was identical to that of Experiment 1la
except for the location of the display. It was presented 2.5° to the
left or to the right off the fixation. Location was altered on every
trial, initial location at the beginning of the block was randomized.

2.3.6. Experiment 3b. Specificity to axis of rotation

Six observers participated in the experiment. Structure-from-
motion (SFM) stimulus was identical to that used in the main
experiment. Procedure was identical to that of Experiment 1a
except for the axis of rotation of the display. It was presented as
rotating either around a vertical or around a horizontal axis. The
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C: Change in rotation
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Fig. 1. Experiment 1, schematic displays (A-C) and procedure (D-F). (A and D) Structure-from-motion. (B and E) Shape-from-shading. (C and F) Streaming-bouncing display.
(D-F) For each visual sequence two alternative perceptual transformations are marked as S (a selected visual feature remains stable) and C (a selected visual feature has
changed). (D) Sudden change in a planar flow of a structure-from-motion display (top row, an inversion of a planar motion is indicated for two example dots), can be
perceived either as stable illusory rotation (middle row) or as a change in illusory rotation (bottom row). See also Movies 2-3. (E) A change in stimulus orientation of a shape-
from-shading display (top row), can trigger an inversion of the shape, so that light remains stable (middle row) or as change in light location with the shape remaining
constant (bottom row). See also Movie 4. (F) When motion paths of two objects cross behind an occluder (top row), it produces either a perception of stable motion
(“streaming”, middle row) or of a change in linear motion due to an elastic impact (“bouncing”, bottom row). See also Movie 5.

axis of rotation was altered on every trial, the initial axis of rotation
at the beginning of the block was randomized.

2.3.7. Experiment 3c. Specificity to object’s shape

Eight observers participated in the experiment. The sphere
structure-from-motion (SFM) stimulus was identical to that used
in the main experiment. The band object consisted of 250 dots
distributed randomly over the surface of the illusory band, see
Movie 6. Object dimensions and speed of rotation, as well
as that of dots were identical to the sphere stimulus.
Procedure was identical to that of Experiment la except for
two objects’ shapes. The shape of the SFM object was altered
on every trial.

3. Results

3.1. Experiment 1. Perception of ambiguous transient changes of
sensory evidence

In our first experiment we sought to establish how internal
variables (prior knowledge) determine the perception of ambigu-
ous transient changes in sensory inputs on consecutive trials.

When studying influence of internal variables (prior knowl-
edge) on perceptual states, one often relies on multi-stable displays
(Blake & Logothetis, 2002; Leopold & Logothetis, 1999). The latter
are visual stimuli that are compatible with several distinct percep-
tual interpretations. Therefore, while sensory inputs remain con-
stant, changes of internal variables produce different and
alternating perception (see Movie 1 for an example of a multi-
stable structure-from-motion display). In turn, observer’s reports

on her/his perception, allow experimenter to infer corresponding
changes to these hidden internal variables. This approach is
particularly fruitful when studying changes of internal variables
over time (Leopold, Wilke, Maier, & Logothetis, 2002; Nawrot &
Blake, 1991; Pastukhov & Braun, 2008, 2013a, 2013b; Pastukhov,
Lissner, Fiillekrug, & Braun, 2014).

Here, we employed a similar experimental paradigm, but
instead of presenting constant ambiguous sensory evidence (as in
multi-stable displays), we presented display sequences that had
an ambiguous transient change of sensory evidence. In all three dis-
plays described below, the same sudden and ambiguous change in
sensory inputs can lead to two distinct perceptual outcomes:
stability (constancy) or a change of a particular visual feature.
Hence, as with perceptual states, observer’s perception on a given
trial is dictated by a current state of internal variables (prior
knowledge). By analogy to multi-stable displays, the procedure
employed here can be described as intermittently presented
ambiguous changes of sensory inputs.

The three dynamic visual displays we used in Experiment 1 are
schematically illustrated in Fig. 1. For the structure-from-motion
display (SFM, see Fig. 1A, D and Movies 2-3), a change in a planar
flow may be perceived either as a stable illusory rotation, which is
accompanied by a slight positional displacement of individual flow
elements, or as a change in the direction of illusory rotation
(Pastukhov et al., 2012). For the shape-from-shading display (SFS,
see Fig. 1B, E and Movie 4), a sudden 180° rotation could be
interpreted either as an inversion of the shape’s depth while the
location of the light source remains stable, or as a change in the
location of a light while the shape remains constant. Finally, in
the streaming-bouncing paradigm (SB, see Fig. 1C, F and Movie 5),
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two objects may be seen as moving along linear paths (“streaming”
through each other), or as suddenly changing their motion
(“bouncing” off each other) as they pass behind the occluder
(Kawabe & Miura, 2006). For all three cases, the change to the
visual display remains constant and perceived outcome is deter-
mined primarily by internal variables (prior knowledge).

To quantify whether or not perceptual outcomes of the same
ambiguous sensory change on consecutive trials are independent,
we compared two conditional probabilities P(S[i]|S[i — 1]) and
P(S[i]|C[i — 11). P(S[i]|S[i — 1]) is the conditional probability of
seeing stability on the current trial (S[i]) given that stability was
reported as an outcome of the preceding trial (S[i — 1]). This
conditional probability is depicted by green/dark bars in Fig. 2.
P(S[i]|C[i — 1]) is the conditional probability of seeing a stability
on the current trial (S[i]) given that change was reported as an out-
come of the preceding trial (C[i — 1]). This is marked by red/light
bars in Fig. 2. Lack of a significant difference between the two con-
ditional probabilities that represent opposite history of perceptual
stability implies that observers’ perception on two consecutive tri-
als was independent. Conversely, a significant difference between
the two (e.g. green/dark bars are consistently higher than the
red/light ones or vice versa) indicates that perception on
consecutive trials was correlated. The sequential dependence can
when be defined as AP(1) = P(S[i]|S[i — 1]) — P(S[i]|C[i — 1]).

Results for all observers and displays are depicted in Fig. 2 and
demonstrate that perception of ambiguous changes in sensory
inputs on consecutive trials was not independent. A paired-
sample t-test showed significant difference between two condi-
tional probabilities for all three displays: for SFM, t(17)=4.9,
p<0.001; for SFS, t(8)=7.5, p<0.001; for SB, t(8)=
p =0.0003. Specifically, perceptual stability tended to be followed
by stability and, conversely, perception of change also tended to
repeat itself on a consecutive trial. Conditional probabilities were
significantly different for lags of up to 6 trials for SFM, 7 trials for
SES, and 3 trials for SB (p < 0.05 for a paired-sample t-test without
the correction for multiple comparisons). Over the course of an
experimental session difference between conditional probabilities
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is reflected in
(see Fig. 3).

“slow drifts” of probability of stable perception

3.2. Experiment 2: Changes to internal variables reflect recent
experience

Experiment 1 demonstrated that internal variable that influ-
ences perception of ambiguous changes of sensory evidence varies
gradually over time (see Fig. 3). These temporal fluctuations could
reflect an earlier perceptual experience but can also be explained
by internal phasic factors. Accordingly, we investigated whether
these variations of internal variables over time reflect observers’
perceptual experience or are independent of it. To address this
issue, we examined whether perception of ambiguous change in
planar motion for SFM displays was modified when observers were
exposed to a large number of episodes with stable illusory rotation
and without an ambiguous sensory change.

First, we repeated Experiment 1 to establish the baseline prob-
ability of stable illusory rotation over the entire experimental ses-
sion (Ppaseline(C[i]) = 0.32 £ 0.07, dark bars in Fig. 4, SFM display
only). We also observed the same sequential dependence as in
Experiment 1 (AP[1]=0.22 +0.09, t(8) = 2.7, p = 0.026).

Next, we modified the experiment so that on half of randomly
selected trials the planar motion remained unperturbed. In the
absence of the planar motion inversion, illusory rotation on these
trials was almost always perceived as stable (Punperturbed(Cli])
=0.97 £0.01) and, hence, was nearly unambiguous with respect
to perception of transformations. To resolve the question of
whether the drift of perceptual stability over time depends on
observers’ perceptual experience, we analyzed probability of sta-
bility during remaining trials that contained the inversion of planar
motion. Note that if changes to internal variables are independent
of perceptual experience, we would expect the overall probability
of stability to remain the same. Instead, we found that observers
were significantly more likely to report stability (light bars in
Fig. 4, Pes(Ci)=0.44 £0.08, t(8)=7.8, p<0.001, paired samples
t-test for Ppaseline VS. Prest)-
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Fig. 2. Experiment 1, results. Same perceptual outcome is more likely to be perceived again on the following trial compared to an alternative. Bars depict conditional
probabilities of stable perception given the outcome of the previous trial. Green/dark bars depict P(S[i]|S[i — 1]), red/light bars depict P(S[i]|C[i — 1]). Error bars correspond to
95% for binomial distribution, asterisks indicate statistical significance for group averages (see text for detials). (A) Structure-from-motion. (B) Shape-from-shading.
(C) Streaming-bouncing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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1 trial. (A) Structure-from-motion. (B) Shape-from-shading. (C) Streaming-bounc-
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Fig. 4. Experiment 2, perception of the ambiguous inversion of planar motion was
biased towards stability when observers were exposed to a large number of
episodes with stable illusory rotation and without an ambiguous sensory change.
Dark bars, Ppaseline: Probability of stable perception when all trials contained a
planar motion inversion. Light bars, Pi.s;: probability of stable perception on trials
with planar motion inversion, when on half of the randomly selected trials the
planar motion remain unperturbed. See text for details.

This demonstrates that the perception on trials with an ambigu-
ous change of sensory inputs is biased by the recent experience of
stable perception in unperturbed trials. In other words, a recent
perceptual experience primes perception of transformations on

the following trial. Also, this experiment demonstrated that the
induction of transformation priming does not require the physical
change in the display and that the perceptual experience is
sufficient.

3.3. Transformation priming cannot be explained by priming of
perceptual states

Next, we wanted to clarify mechanisms behind observed trans-
formation priming. Specifically, we wanted to confirm that prior
knowledge about physical transformations is gathered in addition
to and independent of the similar information on physical states
(Burr & Cicchini, 2014; Cicchini, Anobile, & Burr, 2014; Fischer &
Whitney, 2014).

To this end, we compared conditional probabilities for pairs of
trials with same history of transformations (stability or change)
but opposite history of perceptual states, to test a causal relationship
between perception of states and perception of transformations
(Pearl, 2009), see Fig. 5A. If priming is caused by prior history of
perceptual states, it should be evident only for pairs of trials with
a particular history of perceptual states, but absent or even
reversed for the pairs of trials with opposite history. Conversely,
if we observe priming for both pairs of trials, this indicates that
two are independent.

For SFM, pairs of trials were sorted based on whether the initial
directions of illusory rotation were the same (congruent) or differ-
ent (incongruent) in both trials. For SFS, pairs of trials were sorted
based on whether the initial location of light was less than 90°
apart (congruent) or more than 90° apart (incongruent) in both
trials.

We found that for both displays priming was present for both
congruent and incongruent categories (Fig. 5B-E). For SFM
(Fig. 5E), priming for congruent pairs t(17)=3.9, p=0.001; for
incongruent pairs t(17)=2.8, p =0.013; the difference in priming
strength was not significant t(17)=-0.7, p=0.51. For SFS
(Fig. 5B-D), priming for match pairs t(8)=7, p=0.0001; for mis-
match pairs t(8)=7.3, p<0.0001; the difference in priming
strength was not significant t(8) = 1.9, p = 0.09. Therefore, we con-
clude that although priming of perceptual states can stabilize per-
ception (Burr & Cicchini, 2014; Cicchini et al., 2014; Fischer &
Whitney, 2014), prior knowledge about physical transformations
is gathered in addition to and independent of it.

3.4. Transformation priming cannot be explained by selective attention

Next, we considered whether repetition priming of transforma-
tions can be explained by selective attention. To this end, we rean-
alyzed the data of (Stonkute, Braun, & Pastukhov, 2012), where
attention was distracted in every trial by a concurrent task at the
time of the sudden change in the planar motion of an SFM display
(see Fig. 6A and Stonkute et al. (2012) for details). This effectively
precluded observers from exerting any sort of volitional control
over how they perceived changes in the SFM display in individual
trials, also ruling out attention to features/objects, parts/wholes,
etc. In spite of this rather drastic manipulation, priming of percep-
tual transformations was just as strong with poor attention as with
full attention (AP=0.39+0.13 vs. AP=0.33 +£0.12, respectively,
t(4) = 0.2, p=0.53, paired sample t-test, see Fig. 6B, C and Experi-
ments 4-5 in Stonkute et al. (2012)). We conclude that priming
of perceptual transformations is not the product of volitional
control, nor a bias mediated by selective visual attention.

3.5. Experiment 3. Specificity of transformation priming

Finally, we wondered whether prior knowledge about
transformations is gathered and exploited by a central mechanism
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row in A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

or is represented and updated locally. To this end, we used the SFM
display in conjunction with a selective adaptation procedure
(Pastukhov, Fiillekrug, & Braun, 2013; Pastukhov, Lissner, &
Braun, 2014) to examine how priming strength is affected by a
change in the stimulus location, axis of rotation, or shape (see
Fig. 7A). In all cases priming from a temporally proximal (lag 1)
but altered display was weaker than priming from a temporally
distal (lag 2) but identical one (see Fig. 7B-D). This evidence speaks
against an idea of a central mediator and suggests that perceptual
inference about transformations is guided by multiple contempo-
raneous memories of recent perceptual choices.

4. Discussion

We investigated the general mechanism with which our vision
resolves dynamic ambiguities of sudden changes in retinal input.
To this end, we employed three disparate visual displays, where
a sudden change in sensory inputs produced perception of

ambiguous transformations. We observed a reliable repetition
priming of transformations: the same perceptual interpretation
of change in sensory evidence tended to be repeated on consecu-
tive trials. The transformation priming in question was contingent
on earlier perceptual experience and depended neither on priming
of perceptual states, nor on selective visual attention.

Our results provide further evidence for the importance of prior
knowledge about physical transformations for the visual system by
showing that it gathers the information from recent perceived
changes to update prior knowledge about physical ones. Critically,
this repetition priming was observed for three disparate displays,
whose perception relies on distinct neural representations. In addi-
tion, the specificity of priming speaks against a notion of a central
mediator, but in favor of a locally implemented canonical mecha-
nism. Taken together this suggests that both knowledge about
physical transformations and its dynamic update reflect an overall
adaptive strategy of the visual system and are an integral part of a
general perception. Accordingly, the influence of dynamic prior
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object AP=0.08 +0.02, t(7) = 4, p = 0.005; difference was significant t(7) = —4.9, p = 0.002.
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knowledge must be taken into account when studying dynamic
visual scenes.

The need for this general mechanism, which helps to disam-
biguate changes, comes from the environment we inhabit. The out-
side world is highly dynamic with constant changes due to both
observer self-motion (attention shifts, eye movements, blinks,
locomotion) and dynamical processes in the environment (object
motion, deformation, occlusion, changes in illumination, and so
on). Sudden visual changes are not only ubiquitous but presents
a particular challenge, as the retinal trace is brief and the number
of alternatives is typically large. Thus, the visual system must
decide on very slender evidence whether a change in the retinal
input reflects an actual physical change in the outside world and
what kind of transformation has occurred. In signal detection
terms the visual system must set a criterion that is neither too con-
servative (as too many actual changes would be missed), nor too
liberal (as too many detected changes would be spurious). In part,
the visual system uses context to find a criterion to balance sensi-
tivity and stability (Kawabe & Miura, 2006; Stonkute et al., 2012;
Wexler et al., 2001). In part, it relies on prior knowledge about
the physical plausibility (or implausibility) of a particular change
that governs both detection (Pastukhov et al., 2012; Stonkute
et al., 2012; Treue, Andersen, Ando, & Hildreth, 1995) and appear-
ance (Barbur & Spang, 2008; Combe & Wexler, 2010; Suzuki &
Grabowecky, 2002; Tse, 2006; Tse & Logothetis, 2002; Wexler
et al., 2005) of transformations. Transformation priming appears
to provide an additional mechanism for adjusting the criterion
dynamically to the current visual environment on the basis of
recent perceptual experience.

To see how dynamically adjusted transformations prior can
work in addition to priors of appearance, it helps to visualize the
hypothesized internal dynamics of perception in terms of a land-
scape of “effective energy”. This “energy landscape”, within which
collective neural activity unfolds, is formed by visual representa-
tions (Braun & Mattia, 2010; Kelso, 2012). Specific phenomenal
appearances are implemented as energy valleys (“attractor
states”), whose “depth” reflects both sensory evidence and prior
knowledge. Within this framework, “transformation priors” could
be instantiated straightforwardly as ridges (“transition energies”)
between selected valleys. In turn, transition priming would
modulate the “height” of ridges, reflecting earlier perceptual expe-
rience. A successful transition to a different state would lower it,
facilitating future transitions in both directions, making transforma-
tion priming independent from priming of states (Fig. 8A).
Conversely, evidence about perceptual stability would increase
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Fig. 8. Transformation priming visualized in terms of an “effective energy”
landscape. For multi-stable displays the “effective energy” landscape contains
two adjacent energy wells that correspond to two favored perceptual states. The
ridge in-between determines energy required for a perceptual alternation to occur.
Changes in sensory evidence and fluctuations in spontaneous activity may push
perception (depicted as a blue ball) towards an alternative state (black arrow). (A) A
recent experience of a perceptual transformation increases its likelihood by
lowering the ridge. (B) Conversely, a failed attempted reversal raises the ridge,
decreasing a likelihood of this transformation in the future. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

required transition energies, preventing transitions also from both
perceptual states (Fig. 8B).

Our results build upon prior research, such as work on “percep-
tual trapping” (Suzuki & Grabowecky, 2007), pattern completion
mechanisms (Denison, Piazza, & Silver, 2011; Maloney, Dal
Martello, Sahm, & Spillmann, 2005), and speeding of perceptual
alternations (Pastukhov & Braun, 2013a; Suzuki & Grabowecky,
2007), which had already hinted that the influence of a recent expe-
rience may go beyond priming of specific perceptual states. Here
we conclusively demonstrate priming specific to recent experience
of perceptual transformations, rather than to recent perceptual
states. We also show that it is independent of selective attention.
Whereas in the present experiments priming lasted for seconds,
other effects induced by recent experience, which may be linked
to perception of transformations, retain their influence over far
longer time-scales (Klink, Brascamp, Blake, & van Wezel, 2010;
Pastukhov & Braun, 2013a; Suzuki & Grabowecky, 2007). Moreover,
priming of perceptual states exhibits both facilitatory (Leopold
et al., 2002; Orbach, Ehrlich, & Heath, 1963; Pastukhov & Braun,
2013b; Pastukhov, Fiillekrug, et al., 2013; Pastukhov, Lissner,
Fillekrug, et al., 2014) and inhibitory effects (Pastukhov & Braun,
2011, 2013b) operating concurrently on different time-scales. Sim-
ilarly diverging effects may also exist for priming of transforma-
tions. A possible instance of such a divergence is the perceptual
stabilization over single sessions combined with “speeding” of per-
ceptual alternations over days reported for multi-stable displays
(Pastukhov & Braun, 2013a; Suzuki & Grabowecky, 2007). Thus, fur-
ther studies may well reveal several additional layers of complexity
in priming of transformations by recent perceptual experience.

Although reported priming of transformations is independent of
history of perceptual states (see Section 3.3), it works alongside
multiple state-oriented mechanisms that balance conflicting goals
of maintaining perceptual constancy while ensuring sensitivity to
changes in sensory inputs. For example, perceptual adaptation is
thought to prioritize perceptual sensitivity (Kohn, 2007;
Pastukhov, Garcia-Rodriguez, et al., 2013; Theodoni, Kovacs,
Greenlee, & Deco, 2011; Webster, 2011). Conversely, neural persis-
tence (Coltheart, 1980; Loftus & Irwin, 1998; Pastukhov & Braun,
2013b) and a rolling average over a longer period of perceptual his-
tory are thought to be used to minimize influence of neural noise
and ensure perceptual constancy (Burr & Cicchini, 2014; Cicchini
et al., 2014; Fischer & Whitney, 2014). Finally, several mechanisms
work as predictive memories trying to optimize target selection
and processing (Chopin & Mamassian, 2012; Grill-Spector,
Henson, & Martin, 2006; Kristjansson & Campana, 2010;
Maljkovic & Nakayama, 1994, 2000; Schacter, Dobbins, &
Schnyer, 2004). Accordingly, future studies should focus not only
on individual mechanisms (whether state- or transformation-
oriented) but on their interaction in perception.

5. Conclusions

We report a phenomenon of repetition priming of transforma-
tions. Our results demonstrate that this is a general perceptual
phenomenon and suggest that priming by recent experience is
considerably more selective and detailed than hitherto
appreciated.

Acknowledgments

Authors were supported in part by EU-project CORONET (FP7-
ICT-269459) and by the state of Saxony-Anhalt. The clipart was
obtained from the Open Clip Art Library (openclipart.org) and is
used under the Public Domain license. We would like to thank
Juliana Cizeron for her assistance in piloting experiments.


http://www.openclipart.org

44 A. Pastukhov et al./Vision Research 116 (2015) 36-44

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.visres.2015.09.
005.

References

Barbur, J. L., & Spang, K. (2008). Colour constancy and conscious perception of
changes of illuminant. Neuropsychologia, 46(3), 853-863. http://dx.doi.org/
10.1016/j.neuropsychologia.2007.11.032.

Blake, R, & Logothetis, N. K. (2002). Visual competition. Nature Reviews.
Neuroscience, 3(1), 13-21. http://dx.doi.org/10.1038/nrn701.

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10(4), 433-436.
http://dx.doi.org/10.1163/156856897X00357.

Braun, J., & Mattia, M. (2010). Attractors and noise: Twin drivers of decisions and
multistability. Neurolmage, 52(3), 740-751. http://dx.doi.org/10.1016/j.
neuroimage.2009.12.126.

Burr, D., & Cicchini, G. M. (2014). Vision: Efficient adaptive coding. Current Biology:
CB, 24(22), R1096-R1098. http://dx.doi.org/10.1016/j.cub.2014.10.002.

Chopin, A., & Mamassian, P. (2012). Predictive properties of visual adaptation.
Current Biology: CB, 22(7), 622-626. http://dx.doi.org/10.1016/j.cub.
2012.02.021.

Cicchini, G. M., Anobile, G., & Burr, D. C. (2014). Compressive mapping of number to
space reflects dynamic encoding mechanisms, not static logarithmic transform.
Proceedings of the National Academy of Sciences of the United States of America,
111(21), 7867-7872. http://dx.doi.org/10.1073/pnas.1402785111.

Coltheart, M. (1980). Iconic memory and visible persistence. Perception &
Psychophysics, 27(3), 183-228. http://dx.doi.org/10.3758/BF03204258.

Combe, E., & Wexler, M. (2010). Observer movement and size constancy.
Psychological Science, 21(5), 667-675. http://dx.doi.org/10.1177/
0956797610367753.

Daw, N. D., O’'Doherty, J. P., Dayan, P., Seymour, B., & Dolan, R. J. (2006). Cortical
substrates for exploratory decisions in humans. Nature, 441(7095), 876-879.
http://dx.doi.org/10.1038/nature04766.

Denison, R. N., Piazza, E. a., & Silver, M. a. (2011). Predictive context influences
perceptual selection during binocular rivalry. Frontiers in Human Neuroscience, 5
(December), 1-11. http://dx.doi.org/10.3389/fnhum.2011.00166.

Fischer, ]., & Whitney, D. (2014). Serial dependence in visual perception. Nature
Neuroscience, 17(5), 738-743. http://dx.doi.org/10.1038/nn.3689.

Friston, K., Breakspear, M., & Deco, G. (2012). Perception and self-organized
instability. Frontiers in Computational Neuroscience, 6(July), 44. http://dx.doi.org/
10.3389/fncom.2012.00044.

Gregory, R. L. (2009). Seeing through illusions (1st ed.). New York: Oxford University
Press.

Grill-Spector, K., Henson, R., & Martin, A. (2006). Repetition and the brain: Neural
models of stimulus-specific effects. Trends in Cognitive Sciences, 10(1), 14-23.
http://dx.doi.org/10.1016/j.tics.2005.11.006.

Hansen, T., Olkkonen, M., Walter, S., & Gegenfurtner, K. R. (2006). Memory
modulates color appearance. Nature Neuroscience, 9(11), 1367-1368. http://
dx.doi.org/10.1038/nn1794.

Jameson, D., & Hurvich, L. M. (1989). Essay concerning color constancy. Annual
Review of Psychology, 40, 1-22. http://dx.doi.org/10.1146/annurev.
ps.40.020189.000245.

Kawabe, T., & Miura, K. (2006). Effects of the orientation of moving objects on the
perception of streaming/bouncing motion displays. Perception & Psychophysics,
68(5), 750-758. http://dx.doi.org/10.3758/BF03193698.

Kelso, J. a. S. (2012). Multistability and metastability: Understanding dynamic
coordination in the brain. Philosophical Transactions of the Royal Society of
London Series B, Biological Sciences, 367(1591), 906-918. http://dx.doi.org/
10.1098/rstb.2011.0351.

Klink, P. C., Brascamp, J. W., Blake, R., & van Wezel, R. ]. a. (2010). Experience-driven
plasticity in binocular vision. Current Biology: CB, 20(16), 1464-1469. http://dx.
doi.org/10.1016/j.cub.2010.06.057.

Koenderink, J. J. (1986). Optic flow. Vision Research, 26(1), 161-179. http://dx.doi.
org/10.1016/0042-6989(86)90078-7.

Kohn, A. (2007). Visual adaptation: Physiology, mechanisms, and functional
benefits. Journal of Neurophysiology, 97(5), 3155-3164. http://dx.doi.org/
10.1152/jn.00086.2007.

Kristjansson, A., & Campana, G. (2010). Where perception meets memory: A review
of repetition priming in visual search tasks. Attention, Perception &
Psychophysics, 72(1), 5-18. http://dx.doi.org/10.3758/APP.72.1.5.

Leopold, D. A., & Logothetis, N. K. (1999). Multistable phenomena: Changing views
in perception. Trends in Cognitive Sciences, 3(7), 254-264. http://dx.doi.org/
10.1016/S1364-6613(99)01332-7.

Leopold, D. A., Wilke, M., Maier, A., & Logothetis, N. K. (2002). Stable perception of
visually ambiguous patterns. Nature Neuroscience, 5(6), 605-609. http://dx.doi.
org/10.1038/nn851.

Loftus, G. R, & Irwin, D. E. (1998). On the relations among different measures of
visible and informational persistence. Cognitive Psychology, 35(2), 135-199.
http://dx.doi.org/10.1006/cogp.1998.0678.

Maljkovic, V., & Nakayama, K. (1994). Priming of pop-out: I. Role of features.
Memory & Cognition, 22(6), 657-672. http://dx.doi.org/10.3758/BF03209251.

Maljkovic, V., & Nakayama, K. (2000). Priming of popout: IIl. A short-term implicit
memory system beneficial for rapid target selection. Visual Cognition, 7(5),
571-595. http://dx.doi.org/10.1080/135062800407202.

Maloney, L. T., Dal Martello, M. F., Sahm, C., & Spillmann, L. (2005). Past trials
influence perception of ambiguous motion quartets through pattern
completion. Proceedings of National Academy of Science of the United States of
America, 102(8), 3164-3169. http://dx.doi.org/10.1073/pnas.0407157102.

Metzger, W. (2009). Laws of seeing. New York: The MIT Press.

Nawrot, M., & Blake, R. (1991). The interplay between stereopsis and structure from
motion. Perception & Psychophysics, 49(3), 230-244. http://dx.doi.org/10.3758/
BF03214308.

Orbach, J., Ehrlich, D., & Heath, H. A. (1963). Reversibility of the Necker cube. I. An
examination of the concept of “satiation of orientation”. Perceptual and Motor
Skills, 17, 439-458. http://dx.doi.org/10.2466/pms.1963.17.2.439.

Pastukhov, A., & Braun, ]. (2008). A short-term memory of multi-stable perception.
Journal of Vision, 8(13). http://dx.doi.org/10.1167/8.13.7. 7.1-14.

Pastukhov, A., & Braun, J. (2011). Cumulative history quantifies the role of neural
adaptation in multistable perception. Journal of Vision, 11(10), 12. http://dx.doi.
org/10.1167/11.10.12.

Pastukhov, A., & Braun, ]. (2013a). Disparate time-courses of adaptation and
facilitation in multi-stable perception. Learning & Perception, 5(s2), 101-118.
http://dx.doi.org/10.1556/LP.5.2013.Suppl2.7.

Pastukhov, A., & Braun, J. (2013b). Structure-from-motion: Dissociating perception,
neural persistence, and sensory memory of illusory depth and illusory rotation.
Attention, Perception & Psychophysics, 75(2), 322-340. http://dx.doi.org/10.3758/
$13414-012-0390-0.

Pastukhov, A, Fiillekrug, J., & Braun, J. (2013). Sensory memory of structure-from-
motion is shape-specific. Attention, Perception & Psychophysics, 75(6),
1215-1229. http://dx.doi.org/10.3758/s13414-013-0471-8.

Pastukhov, A., Garcia-Rodriguez, P. E., Haenicke, J., Guillamon, A., Deco, G., & Braun,
J. (2013). Multi-stable perception balances stability and sensitivity. Frontiers in
Computational Neuroscience, 7(17), 17. http://dx.doi.org/10.3389/
fncom.2013.00017.

Pastukhov, A., Lissner, A., & Braun, ]. (2014). Perceptual adaptation to structure-
from-motion depends on the size of adaptor and probe objects, but not on the
similarity of their shapes. Attention, Perception & Psychophysics, 76(2), 473-488.
http://dx.doi.org/10.3758/s13414-013-0567-1.

Pastukhov, A., Lissner, A., Fiillekrug, J., & Braun, J. (2014). Sensory memory of
illusory depth in structure-from-motion. Attention, Perception & Psychophysics,
76(1), 123-132. http://dx.doi.org/10.3758/s13414-013-0557-3.

Pastukhov, A., Vonau, V., & Braun, ]. (2012). Believable change: Bistable reversals are
governed by physical plausibility. Journal of Vision, 12(1), 17. http://dx.doi.org/
10.1167/12.1.17.

Pearl, J. (2009). Causal inference in statistics: An overview. Statistics Surveys, 3,
96-146. http://dx.doi.org/10.1214/09-SS057.

Schacter, D. L., Dobbins, I. G., & Schnyer, D. M. (2004). Specificity of priming: A
cognitive neuroscience perspective. Nature Reviews: Neuroscience, 5(11),
853-862. http://dx.doi.org/10.1038/nrn1534.

Stonkute, S., Braun, J., & Pastukhov, A. (2012). The role of attention in ambiguous
reversals of structure-from-motion. PLoS One, 7(5), e37734. http://dx.doi.org/
10.1371/journal.pone.0037734.

Suzuki, S., & Grabowecky, M. (2002). Evidence for perceptual “trapping” and
adaptation in multistable binocular rivalry. Neuron, 36(1), 143-157. http://dx.
doi.org/10.1016/S0896-6273(02)00934-0.

Suzuki, S., & Grabowecky, M. (2007). Long-term speeding in perceptual switches
mediated by attention-dependent plasticity in cortical visual processing.
Neuron, 56(4), 741-753. http://dx.doi.org/10.1016/j.neuron.2007.09.028.

Theodoni, P., Kovacs, G., Greenlee, M. W., & Deco, G. (2011). Neuronal adaptation
effects in decision making. The Journal of Neuroscience: The Official Journal of the
Society  for  Neuroscience, 31(1), 234-246. http://dx.doi.org/10.1523/
JNEUROSCIL.2757-10.2011.

Treue, S., Andersen, R. a., Ando, H., & Hildreth, E. C. (1995). Structure-from-motion:
Perceptual evidence for surface interpolation. Vision Research, 35(1), 139-148.
http://dx.doi.org/10.1016/0042-6989(94)E0069-W.

Tse, P. U. (2006). Neural correlates of transformational apparent motion.
Neurolmage, 31(2), 766-773. http://dx.doi.org/10.1016/j.
neuroimage.2005.12.029.

Tse, P. U, & Logothetis, N. K. (2002). The duration of 3-d form analysis in
transformational apparent motion. Perception & Psychophysics, 64(2), 244-265.
http://dx.doi.org/10.3758/BF03195790.

Webster, M. A. (2011). Adaptation and visual coding. Journal of Vision, 11(5), 1-23.
http://dx.doi.org/10.1167/11.5.3.

Weiss, Y., Simoncelli, E. P., & Adelson, E. H. (2002). Motion illusions as optimal
percepts. Nature Neuroscience, 5(6), 598-604. http://dx.doi.org/10.1038/nn858.

Wexler, M., Panerai, F., Lamouret, 1., & Droulez, J. (2001). Self-motion and the
perception of stationary objects. Nature, 409(January), 85-88. http://dx.doi.org/
10.1038/35051081.

Wexler, M., & van Boxtel, J. ]. a. (2005). Depth perception by the active observer.
Trends in Cognitive Sciences, 9(9), 431-438. http://dx.doi.org/10.1016/j.
tics.2005.06.018.

Yang, Z., & Purves, D. (2003). A statistical explanation of visual space. Nature
Neuroscience, 6(6), 632-640. http://dx.doi.org/10.1038/nn1059.

Yuille, A., & Kersten, D. (2006). Vision as Bayesian inference: Analysis by synthesis?
Trends in Cognitive Sciences, 10(7), 301-308. http://dx.doi.org/10.1016/j.
tics.2006.05.002.


http://dx.doi.org/10.1016/j.visres.2015.09.005
http://dx.doi.org/10.1016/j.visres.2015.09.005
http://dx.doi.org/10.1016/j.neuropsychologia.2007.11.032
http://dx.doi.org/10.1016/j.neuropsychologia.2007.11.032
http://dx.doi.org/10.1038/nrn701
http://dx.doi.org/10.1163/156856897X00357
http://dx.doi.org/10.1016/j.neuroimage.2009.12.126
http://dx.doi.org/10.1016/j.neuroimage.2009.12.126
http://dx.doi.org/10.1016/j.cub.2014.10.002
http://dx.doi.org/10.1016/j.cub.2012.02.021
http://dx.doi.org/10.1016/j.cub.2012.02.021
http://dx.doi.org/10.1073/pnas.1402785111
http://dx.doi.org/10.3758/BF03204258
http://dx.doi.org/10.1177/0956797610367753
http://dx.doi.org/10.1177/0956797610367753
http://dx.doi.org/10.1038/nature04766
http://dx.doi.org/10.3389/fnhum.2011.00166
http://dx.doi.org/10.1038/nn.3689
http://dx.doi.org/10.3389/fncom.2012.00044
http://dx.doi.org/10.3389/fncom.2012.00044
http://refhub.elsevier.com/S0042-6989(15)00306-5/h0075
http://refhub.elsevier.com/S0042-6989(15)00306-5/h0075
http://dx.doi.org/10.1016/j.tics.2005.11.006
http://dx.doi.org/10.1038/nn1794
http://dx.doi.org/10.1038/nn1794
http://dx.doi.org/10.1146/annurev.ps.40.020189.000245
http://dx.doi.org/10.1146/annurev.ps.40.020189.000245
http://dx.doi.org/10.3758/BF03193698
http://dx.doi.org/10.1098/rstb.2011.0351
http://dx.doi.org/10.1098/rstb.2011.0351
http://dx.doi.org/10.1016/j.cub.2010.06.057
http://dx.doi.org/10.1016/j.cub.2010.06.057
http://dx.doi.org/10.1016/0042-6989(86)90078-7
http://dx.doi.org/10.1016/0042-6989(86)90078-7
http://dx.doi.org/10.1152/jn.00086.2007
http://dx.doi.org/10.1152/jn.00086.2007
http://dx.doi.org/10.3758/APP.72.1.5
http://dx.doi.org/10.1016/S1364-6613(99)01332-7
http://dx.doi.org/10.1016/S1364-6613(99)01332-7
http://dx.doi.org/10.1038/nn851
http://dx.doi.org/10.1038/nn851
http://dx.doi.org/10.1006/cogp.1998.0678
http://dx.doi.org/10.3758/BF03209251
http://dx.doi.org/10.1080/135062800407202
http://dx.doi.org/10.1073/pnas.0407157102
http://refhub.elsevier.com/S0042-6989(15)00306-5/h0155
http://dx.doi.org/10.3758/BF03214308
http://dx.doi.org/10.3758/BF03214308
http://dx.doi.org/10.2466/pms.1963.17.2.439
http://dx.doi.org/10.1167/8.13.7
http://dx.doi.org/10.1167/11.10.12
http://dx.doi.org/10.1167/11.10.12
http://dx.doi.org/10.1556/LP.5.2013.Suppl2.7
http://dx.doi.org/10.3758/s13414-012-0390-0
http://dx.doi.org/10.3758/s13414-012-0390-0
http://dx.doi.org/10.3758/s13414-013-0471-8
http://dx.doi.org/10.3389/fncom.2013.00017
http://dx.doi.org/10.3389/fncom.2013.00017
http://dx.doi.org/10.3758/s13414-013-0567-1
http://dx.doi.org/10.3758/s13414-013-0557-3
http://dx.doi.org/10.1167/12.1.17
http://dx.doi.org/10.1167/12.1.17
http://dx.doi.org/10.1214/09-SS057
http://dx.doi.org/10.1038/nrn1534
http://dx.doi.org/10.1371/journal.pone.0037734
http://dx.doi.org/10.1371/journal.pone.0037734
http://dx.doi.org/10.1016/S0896-6273(02)00934-0
http://dx.doi.org/10.1016/S0896-6273(02)00934-0
http://dx.doi.org/10.1016/j.neuron.2007.09.028
http://dx.doi.org/10.1523/JNEUROSCI.2757-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.2757-10.2011
http://dx.doi.org/10.1016/0042-6989(94)E0069-W
http://dx.doi.org/10.1016/j.neuroimage.2005.12.029
http://dx.doi.org/10.1016/j.neuroimage.2005.12.029
http://dx.doi.org/10.3758/BF03195790
http://dx.doi.org/10.1167/11.5.3
http://dx.doi.org/10.1038/nn858
http://dx.doi.org/10.1038/35051081
http://dx.doi.org/10.1038/35051081
http://dx.doi.org/10.1016/j.tics.2005.06.018
http://dx.doi.org/10.1016/j.tics.2005.06.018
http://dx.doi.org/10.1038/nn1059
http://dx.doi.org/10.1016/j.tics.2006.05.002
http://dx.doi.org/10.1016/j.tics.2006.05.002

	Transformation priming helps to disambiguate sudden changes of sensory inputs
	1 Introduction
	2 Materials and methods
	2.1 Observers
	2.2 Apparatus
	2.3 Stimuli and procedure
	2.3.1 Experiment 1a. Structure-from-motion
	2.3.2 Experiment 1b. Shape-from-shading
	2.3.3 Experiment 1c. Streaming-bouncing
	2.3.4 Experiment 2
	2.3.5 Experiment 3a. Specificity to location
	2.3.6 Experiment 3b. Specificity to axis of rotation
	2.3.7 Experiment 3c. Specificity to object&rsquo;s shape


	3 Results
	3.1 Experiment 1. Perception of ambiguous transient changes of sensory evidence
	3.2 Experiment 2: Changes to internal variables reflect recent experience
	3.3 Transformation priming cannot be explained by priming of perceptual states
	3.4 Transformation priming cannot be explained by selective attention
	3.5 Experiment 3. Specificity of transformation priming

	4 Discussion
	5 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


