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Semantic priming modulates the strength
and direction of the Kanizsa illusion

Check for updates

Nataly Davidson Litvak1,4, Amir Tal1,2,4 & Liad Mudrik 1,2,3

Visual illusions are considered key examples for cognitive impenetrability, as they are held not to be
affected by non-perceptual processes. We revisit this claim in five experiments (N = 1148; four
preregistered) focused on the Kanizsa illusion, where a nonexistent shape is experienced within
illusory contours. Pac-Man-like shapes inducing the illusion were presented after primes that were
either semantically related to the Pac-Man game or not.We hypothesized that semantic primeswould
promote interpreting the shapes as individual Pac-Man characters, thus biasing participants away
from the holistic Kanizsa illusion. Indeed, we found that the Kanizsa shape was detected less when
participants were primed with Pac-Man-related stimuli. We then also demonstrated the opposite
effect: a prime indexing the illusory shape (“Triangle”) enhanced the probability of seeing the illusion.
Together, our results suggest that semantic priming can both reduce and increase the probability of
experiencing the Kanizsa illusion, thus supporting claims of cognitive penetrability.

“Cognitive penetrability” is the notion that higher mental states can affect
perceptual processing1–3. Under this view, perception integrates both
bottom-up (i.e., incoming input from the sensory stimuli) and top-down,
non-perceptual factors (e.g., knowledge, motivations, beliefs, emotions,
linguistic representations). Arguably, each percept thus combines the actual
sensory properties of the stimulus with a variety of cognitive factors that
affect the interpretation of these properties4,5. This view seems to align well
with more recent ‘predictive coding’ accounts6,7, depicting the brain as a
non-passive updating system that generates predictions about the world,
based on inner schemes8,9. These predictions are continuously updated
through feedforward and feedback connections7,10 and are reflected in
processes of neural re-organization and synapse strength modulation11,12.
And so, someclaim thatwe continuously “hallucinate reality” in a controlled
manner, rather than accurately reflect the external world as it is13. Indeed,
many studies demonstrated different types of top-down effects on percep-
tion (for reviews and discussion see refs. 1,14), held to bemore pronounced
when the physical stimulus is degraded or ambiguous (e.g., refs. 15,16).
Proponents of cognitive penetrability further claim that such a penetrable
system is more efficient and evolutionarily desirable, as it considers all
available information and aims at the most relevant interpretation of the
world, even at the risk of not always being a veridical one1.

Yet, some still strongly deny that perception can be cognitively
penetrated17, supporting a modular view according to which perception is
encapsulated from cognition18. Under this view, there is a foundational
component of visual processing—“early vision”19—that is determined solely

by physical properties of the stimulus. Accordingly, any effects of expecta-
tions, desires, beliefs, etc. occur either before that component, in the form of
pre-perceptual attention allocation, or after it, via post-perceptual processes
like inference, evaluation and selection19. Proponents of cognitive impene-
trability accordingly reject demonstrations of cognitive penetrability,
claiming that they either misattribute pre-perceptual or post-perceptual
effects to perception19, or that they suffer from methodological
limitations17,20. Firestone andScholl17 criticize current literature for taking an
overly confirmatory (as opposed to disconfirmatory) approach, and list five
potential confounds that, arguably, can explain the resultswithout assuming
cognitive penetrability: judgment effects, demand and response biases, low-
level differences between the stimuli in the different conditions, peripheral
attentional effects and memory effects. To give an example for this line of
criticism, one study reported that wearing a heavy backpack biases parti-
cipants towards judging hills as steeper21. However, this effect went away
when the experimenters offered aplausible cover story forwhy thebackpack
was required in the experiment22.Apparently,whenno such storywas given,
participants were cognizant of the study manipulation to some degree and
adjusted their responses accordingly to please the researchers. In another
example, faces of black people, matched in mean luminance with those of
white people, were nevertheless judged as seemingdarker23. Yetwhen taking
a disconfirmatory approach, blurring these faces such that their race was no
longer detectable, the black faces were still rated as darker, suggesting that
other low-level features than luminance still evoked lighting differences20.
Based on such examples, andmany others, Firestone and Scholl argued that
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current findings cannot support cognitive penetrability17 (though see
refs. 24–26).

The debate on cognitive penetrability has far reaching implications,
and it is hence the locus of an ongoing philosophical and psychological
controversy3,27. Within this debate, visual illusions hold a special role. In
visual illusions, perception is inaccurate, typically due to a misleading
interpretation of the physical properties of the stimulus. So, for instance, the
same exact color may appear distinctly different when it is located within a
shaded or an unshaded area of a stimulus28. Despite this seemingly higher-
level effect on lower-level visual processing (argued by some to support
penetrability;3,10), visual illusions are notoriously resilient and impervious to
cognition. So, for instance, the aforementioned illusion is not abolished by
knowing that the colors are the same, or even after experiencing that this is
the case (e.g., when the two appear in isolation without the background and
cues of shading). Visual illusions therefore seem to demonstrate that per-
ception is encapsulated from cognition, as “knowing about them does not
make themdisappear”19, and so are typically presented as a definitive case in
point in favor of the impenetrability approach29,30, or as “the most striking
evidence in favor of cognitive impenetrability”31. Thus, illusions pose an
especially interesting test case to the claim that cognition can affect per-
ception.Can they be alteredby a cognitive state? If so, thiswould lend strong
support to the cognitive penetrability hypothesis.

Thus far, such alterations have scarcely been demonstrated. Indirect
evidence can be drawn from works showing that the perception of some
visual illusions is culturally modulated. For instance, Toda individuals
from the Indian subcontinent were less susceptible to the Müller-Lyer
illusion32 than English individuals33, and Himba individuals from Nami-
bia were less susceptible to the Ebbinghaus illusion34 than English
participants35. These differences seem to indicate culturally-dependent
development of perceptual biases36, which have been tied to urbanicity37.
As such, however, they can nevertheless align with a cognitive impene-
trability account, as perceptual biases can be considered within the
compartment of early vision and hence, albeit sensitive to external stimuli
over the course of development, still operate in isolation from cognition19.
Another study reported that the neural response to the Müller-Lyer illu-
sion in the intraparietal sulcus was modulated by the task, such that it was
stronger when participants were asked to judge the length of the line38.
Notably though, the results were limited to the neural response: since the
other task did not involve length estimation, there is no way to know if the
illusion was indeed experienced as stronger. In addition, proponents of
impenetrability could still ascribe the effect to attention rather than per-
ception per se (for earlier work describing the effect of attention on the
perceived illusion, see ref. 39).

Stronger evidence for the potential effect of cognition on visual illu-
sions comes from three studies that directly investigated top-down semantic
influences on visual illusions. Two of them focused on the Ternus illusion of
apparentmotion 40. In this illusion, twodisplays containing a similar arrayof
objects (e.g., three equally spaced identical circles) alternate. The displays
differ in the location of the circles: in the second array, all stimuli are shifted
to the right, such that the location of themost extreme stimulus to the left is
empty, and instead themost extreme location on the right is occupied. This
typically elicits a visual illusion of movement, with its nature depending on
the speed of the alternation: Quick shifts between the two displays cause an
illusion of elementmotion, as the extreme element seems to jump from side
to side while the others remain in place. Slower shifts elicit an illusion of
groupmotion, as the entire array seems tomove in unison, maintaining the
relative position of the elements.

In both the aforementioned studies, the Ternus illusionwas affected by
semantic information. In one study, the type of motion that was perceived
dependedonwhether the “moving” elements (two ellipses)were interpreted
as a person’s feet or as wheels of a car. Seeing themas feet enhanced element
motionwhile seeing them aswheels enhanced groupmotion, in accordance
with real-life knowledge that feet motion entails one foot moving across the
other, while wheel motion entails joint movement41. In a second study,
realistic pictures of frogs were used as the elements of the illusion, and these
were either facing the direction of the illusorymovement or with their backs
to it. The latter case elicited greater illusion of element over group motion,
arguably due to real-life knowledge that frogs leap forward, and so a leap
over a frog was more plausible when the leaper was facing the direction of
the leap42.

Finally, the third paper focused on the uniformity illusion, where fix-
ating at the center of a stimulus in which the central area differs from its
peripheral areas in some dimension (e.g., blurriness, color, contrast) leads to
the disappearance of this difference. The entire stimulus then seems uni-
form, with the peripheral area appearing like the central one43. The
researchers assumed that illusions such as this one, that rely on peripheral
vision, are especially susceptible to demonstrations of cognitive penetr-
ability, because bottom-up peripheral information is noisy and thus more
prone to be overridden by top-down perceptual priors 29. They therefore
tested whether they could influence this illusion by manipulating the
weighing of bottom-up sensory evidence vs. top-down perceptual priors,
using affective state. Indeed, they found that inducing negative mood using
music reduced the chance of seeing the illusion and prolonged its onset
when it was perceived, in accordance with the notion that negative mood
biases perception towards minimal discrepancies between bottom-up and
top-down information (i.e., minimizing prediction errors)44.

Fig. 1 | Trial sequence. Each trial began with a fixation cross on top of a black screen
(300 ms). It was then followed by either a semantic or a non-semantic prime display
(1000 ms). Here, prime displays from Experiment 1 are shown: A Pac-Man game-
board (top) was the semantic prime, and a scrambled version of that gameboard
(bottom) was the non-semantic prime. Next, an additional black fixation screen was
shown (100 ms), followed by either a no-Kanizsa display (containing no Kanizsa
illusion; top) or a Kanizsa display (containing one Kanizsa triangle to the left of
fixation; bottom; 800 ms). Finally, an answer screen appeared with the question

“What shape did you see?”. This screen was shown until participants selected one of
the following options: a Kanizsa square, a Kanizsa triangle (locations counter-
balanced across participants), or “I didn’t see any shape”. The answer screen was in
Hebrew in the experiment; it is shown here in English for clarity. Due to copyright
issues, the image of the Pac-Man gameboard shown in this figure is for illustration
and not the one we have used in the experiment. This image was created by drawing
over an image obtained from Shutterstock.
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Notably though, the first two studies only demonstrated a modulation
of the illusion based on semantic information, biasing perception towards
group or element motion. The third went one step further, showing a
decrease in the probability to see the illusion following negative mood
induction, but the effect was relatively small (3.6%). And, to date, no study
has shown that participants might even not see an illusion altogether due to
semantic influences.

In the current study, we accordingly set to examine if a well-known
and highly robust visual illusion—the Kanizsa illusion45—could be abol-
ished in some participants following semantic priming. In the Kanizsa
illusion, contextual inducers are organized in a way that evokes the per-
ception of illusory shape contours, though no explicit lines or enclosed
spaces appear. We used a specific variant of the illusion, where the con-
textual inducers resemble the cartoon character from the video game
“Pac-Man” (see Fig. 1).We presented either a Pac-Man-related prime or a
neutral prime prior to the Kanizsa display, under the assumption that the
former would bias participants towards perceiving the sliced circles as
individual Pac-Man figures, thereby reducing the chances of them being
grouped together to form the contour of a Kanizsa triangle. From a figure-
ground perspective46, for theKanizsa illusion to occur, the observer should
perceive the inducers as the “ground” components, allowing them to form
an illusory shape (which becomes the figure)47. We hypothesized that
priming the Pac-Man context would activate related representations (e.g.,
Pac-Man figures), prompting the identification of the inducers as these
figures, as opposed to the ground components of the display. This accords
with previous studies showing that perceiving the gist of a scene (here, the
Pac-Man board, or a verbal label serving as prime) automatically activates
representations of objects that are likely to appear in it48. This, in turn,
increases the chances of upcoming information to be interpreted as
matching one of the activated templates49. This hypothesis was tested in a
series of five preregistered experiments, examining the potency of
semantically related images and words to reduce – and also facilitate –
perception of the Kanizsa illusion.

Methods
Open science practices
Four out of the five experiments were preregistered (Exp. 1 on Aug 2019,
Exp.2 onAug 2019, Exp. 3 on Jan 2020, and Exp. 5 onNov 2020; Exp. 4 was
also meant to be preregistered, and a preregistration file had been prepared
prior to running the experiment, but thefile was not uploaded toOSFdue to
a technical error. It has now been added to the OSF page). The pre-
registration files, materials, data and analysis codes are all available on the
Open Science Framework: https://osf.io/wmak2/.

Participants
Overall, 1148 participants were included in this study over the five experi-
ments. For experiments 1–4, 200 participants were required to provide
power higher than 0.99, considering a medium effect size of 0.25 and a
standard 0.05 alpha (calculated using the G*Power software). This was
therefore the sample size used in the four experiments (Experiment 1: 88
female participants, 112 male participants; age 18–35, M = 25.9, SD = 4.4.
Experiment 2: 106 female participants, 94 male participants, age 18-35,
M = 25.2, SD = 4.2. Experiment 3: 97 female participants, 103 male parti-
cipants; age 18–35, M = 24.6, SD = 3.6. Experiment 4: 78 female partici-
pants, 122 male participants; age 18–35, M = 25.4, SD = 3.6). Twenty-one
additional participants were excluded from analysis due to extreme RT
(seven fromExperiment 1, two fromExperiment 2, four fromExperiment 3
and eight from Experiment 4; see Exclusion Criteria below), and one (from
Experiment 4) due to technical issues during the experiment.

For Experiment 5, 348 participants were required, as it included three
experimental groups. Here, power analysis was conducted using the R
“powerAnalysis”package,with the “power.chisq” function and an effect size
of 0.25, power of 0.99, 2 degrees of freedomandan alpha of 0.05. The sample
size accordingly included 348 participants (213 female participants, 133
male participants, 2 participants selected “other” for sex; age 18–35,

M = 28.9, SD = 4.6). Six additional participants were excluded due to
extreme RT.

Participants in experiments 1–4were allHebrew speakers,withnormal
or corrected-to-normal vision, approached at public places. Participation
was on a voluntary basis (no payment was offered). Due to COVID-19,
participants in experiment 5 were recruited remotely, using Amazon
Mechanical Turk (Mturk), for a payment of 0.4 USD. These participants
were all English speakers, whomet the following criteria: HIT approval rate
greater than 98, number of HITs approved greater than 500, and age
between 18 and 35. They were required to perform the experiment on the
Qualtrics platform on a PC. For all experiments, participants signed an
informedconsent, as approvedby theTelAvivUniversity ethics-committee.

ConditionX group allocationwas pseudo-random: it was pre-assigned
internally to each participant number (unbeknownst to the experimenter),
making sure that there would be a roughly equal number of participants in
each group.

Exclusion criteria
Mean RT was calculated for each group (irrespective of answer). Partici-
pants with RTs that diverged from the average RT of their group by three
standard deviations (+3/−3) or more were excluded from further analysis,
as reported above.

Stimuli
The test displays contained 24 sliced yellow circles (“Pac-Man” characters;
Fig. 1). In the triangle Kanizsa display, three of themwere arranged to create
an illusionary triangle45. The decision to embed the Kanizsa display within
an array of shapes, instead of using the typical, isolated and foveally pre-
sented display, was motivated by two reasons. First, we assumed that such a
displaywould facilitate potential top-down effects, given that the bottom-up
stimulation is noisier29. Second, wewanted to avoid a ceiling effect, where all
participants would easily see the shape. These considerations further
motivated the decision to present the stimulus for 800ms only (see further
detailed below). In the No-Kanizsa display, the same sliced circles were
rotated in a way that creates no illusory Kanizsa shape. To avoid low-level
differences between the displays, we equated the number of pixels of each
color using a MATLAB code. Several pilot experiments were conducted to
ensure that the Kanizsa display is indeed effective (i.e., the shape is detected
by at least 75% of the viewers). Because the study was conducted outside the
lab while participants were standing, their head was not fixed and their
viewing distance somewhat varied around ~50 cm.

Based on the pilot experiments, the illusory triangle’s sides were set to
be 3.9 × 3.4 × 3.4 cm (4.5�x 3.9�x 3:9� visual angles). It was positioned a bit
over the vertical center of the screen (8.6° from the bottomof the screen, 7.2°
from the top) and in the left of the horizontal center (11.1° from the left
screen border, 17.2° from the right). Other sliced circles were at least 1 cm
(1.1° visual angles) distant from the three Kanizsa inducing circles. The
background of the pictures and instructions was black. The instructions
were written in white Hebrew letters, in David font.

The Pac-Man prime in Experiment 1 was a screenshot taken from the
“Pac-Man” video game, presenting a Pac-Man gameboard maze (see again
Fig. 1 for illustration). The Pac-Man character itself was removed from the
picture to prime only the general context of the game and not the character
itself. The non-semantic “scrambled” prime was a scrambled version of the
Pac-Man display picture, created using Adobe Photoshop CC2018’s
“Scramble” filter. Tile parameters were 0.52 cm height and 0.52 cm width
(20 px × 20 px or 0.6° × 0.6° visual angles).

The gift box prime in Experiment 2 was created using elements from
the Pac-Man prime, aiming to obtain similar colors and style (cartoon; see
Supplementary Fig. 1). The number of color pixels in both primes was
equated using aMATLAB code, to reduce low-level differences between the
twoprimes. The display’s backgroundwas black and the gift box (whichwas
3D-shaped, with 10.9�x 14.3�x10:3� dimensions) appeared in themiddle of
the screen. A pre-test was conducted to ensure that the new display did not
remind participants of the Pac-Man videogame. The non-semantic
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scrambled display was a scrambled version of the gift box prime, created in
the same manner as in Experiment 1.

The prime words in Experiments 3 and 4 were the Hebrew word for
Pac-Man ( ןמקפ ) andanon-word “Pal-Man”, created by switchingone letter
(ק) with another letter ,(ל) following50. The displays’ background was black,
the letters were white, and were written in David font. The words (10.9�x
14.3) appeared in the middle of the screen.

In Experiment 5, three English words were used as primes: ‘Triangle’
served as a congruent semantic prime, ‘Square’ as an incongruent semantic
prime, and ‘Tsianmle’ as a non-word prime (made by switching the triangle
letters (r, g) with the letters (s, m), to create a meaningless word). The
displays were presented on a black background and the letters were white in
David font. The words (10.9�x 14.3°) appeared in the middle of the screen.
The Kanizsa display used in Experiment 1 was used here as the left-side
triangle Kanizsa display. The same display flipped horizontally was used to
create a second Kanizsa display, in which the Kanizsa triangle appeared on
the right side.

Apparatus
Experiments 1–4 were presented on a HZ0010 HooZo 10.1” tablet screen,
using an Android application (operating with Android version 8.1.0). The
experimental code was written using Java and JavaScript. Experimental
condition per participant was randomly assigned by the code. Participants’
responses were given by a tap on the intended touchscreen buttons. During
the experiments, the tabletwas in an arm-lengthdistance (i.e., ~50 cm) from
the participant’s face, held slightly lower than eye-level, with an estimated
visual angle of 15.0° x 25.7°. These viewing parameters allow participants to
see the entire screen, aiming to reach a standardized visual field.

Procedure
Experiments 1–4 were conducted outside the lab, in natural environments.
Participants were standing, and held the experiment tablet themselves.
Experiment 5 was carried out online. In all five experiments, after giving
their informed consent by selecting the ‘I give my consent’ option, partici-
pants were given short written instructions, explaining that two pictures
would be briefly presented, followed by a related question. The participants
were asked to focus on the fixation symbol in themiddle of the screen (a red
cross) throughout the experiment. They were further instructed to look
carefully at the following pictures and answer the question as accurately and
as quickly as they could.

The experiment began when the participants pressed the “start the
experiment” button. A 1200ms 3-2-1 countdown appeared (each digit was
presented for 400ms), preparing participants for the upcoming presenta-
tion of the stimuli. This was followed by a black screen with the fixation in
the middle, presented for 300ms. Afterwards, one of the prime displays
(semantic/non-semantic in Experiments 1–4, congruent/incongruent/non-
word in Experiment 5) appeared for 1000ms, followed by another black
screenwith afixation in themiddle for 100ms. Then, one of the test displays
(Kanizsa display/no-Kanizsa display in Experiments 1–4, Kanizsa on the
right/left in Experiment 5) was presented for 800ms. The duration of the
test stimulus was selected following pretesting, aimed at making sure that it
is consciously perceived yet briefly presented, to make the test task more
challenging, and hencemore sensitive. At 800ms, 80%of the participants in
the pretest reported seeing the Kanisza shape.

Subsequently, in Experiments 1-4, an answer displays appeared until
the participant tapped on one of the answer option-buttons to the question
“What shape did you see?”. There were three answer options: Triangle -
represented by a triangle Kanizsa drawing, Square - represented by a square
Kanizsa drawing, and an “I didn’t see any shape” option. In Experiment 5,
participants were asked “onwhich side did you see a shape?”. The following
optionswere given: “Left”, “Right” and “I didn’t see any shape”. The options
were ordered in one of two orders (either “Left”, “Right”, “I didn’t see any
shape”, or theotherwayaround), counterbalancedbetweenparticipants.RT
was measured from the time the question was presented until selecting one
of the three buttons.After completing the trial, participantswere asked tofill

their age (in digits) and to self-report their sex (selecting between three
options: Female/Male/Other). Each participant completed one trial. The
entire experiment took ~2min.

In experiments 1–4, after the trial ended, participants were verbally
debriefed and askedwhat was the first thing that came tomindwhen taking
the experiment. In experiments 1, 3 and 4, all said they saw a video game.
Then, the experimenter asked if they knew which game it was; all but two
participants confirmed they recognized the Pac-Man game and they are
familiar with the game. In experiment 2, all participants said they saw a gift
or a package.

Analysis
Results were analyzed using Chi tests. Assumptions of Chi tests were
checked and me; specifically, all expected frequencies exceeded 5. Multiple
comparisons were corrected for using the Tree Benjamini-Hochberg
(TreeBH)method51. TreeBH takes into account the dependency structure of
all the analyses of the manuscript (see Supplementary Fig. 2 in Material),
and corrects p-values and alpha levels per family of analyses in ahierarchical
manner. All p-values were corrected using the Simes method, assigning
p-values to higher levels of the analyses based on the corrected p-values of
their lower-leveldescendent analyses, as thismethodprovideshigher power.
Note thatwedidnot apply this correction if it turned anon-significant result
into a significant one (which did not happen in the current paper). All
p-values reported in the paper are corrected p-values. The effect sizes of Chi
tests are reported using φ and Cramer’s V for tests of a 2×2 structure or
larger, respectively. Confidence intervals of 95% (95% CI) are also reported
per each such analysis. In cases in which statistics were precisely equal to
zerooronewe reported thesenumberswithoutdecimal points, to reflect this
equivalence (e.g., p = 1).

In addition to these Null Hypothesis Significance Testing (NHST)
methods, we analyzed our results in a Bayesian manner as well using R
statistical software (version4.4.3)52. BayesFactors (BF)were calculatedusing
the BayesFactor package (version 0.9.12.4.7) 53. We used the independent
multinomial with a fixed rows method54, with the default prior concentra-
tion value (a) of 1 for the alternative hypothesis. Sensitivity analysis showed
that as prior concentration increases from1 to 100, BF values that supported
the existence of an effect with the default prior showed weaker support for
the effect,whileBFvalues that supported thenull effectwith thedefault prior
showed stronger support for the null. But importantly, these priors affected
only the strengthof the evidence, not the overall conclusion.Weadopted the
convention that a BF less than 0.1 implies strong evidence for the lack of an
effect (i.e., H0 is at least 10 times more likely than H1 given the data), a BF
between 0.1 and 0.33 provides moderate evidence for the lack of an effect, a
BF between 0.33 and 3 suggests insensitivity of the data (anecdotal evidence
for the lack or presence of an effect, for 0.33 < BF < 1 or 1 < BF < 3,
respectively), a BF between 3 and 10 denotes moderate evidence for the
presence of an effect (i.e., H1), a BF between 10 and 100 implies strong
evidence, and a BF greater than 100 suggests extreme evidence for the
presence of an effect55. Last, we derived Bayesian estimates of the effect sizes
(φ and Cramer’s V) using the effect size package56. These estimates are also
reported, along with their 95% credible interval (95% CrI).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Kanizsa illusion reduction via image primes
As our experiments consisted of a single trial per participant, we calculated
the percentage of correct and wrong answers in each prime group. In
experiments 1–4, a “correct answer” was an answer that matched the
Kanizsa display type (i.e., for the Kanizsa display, reports of ‘triangle’ are
considered correct and reports of “square” or “no shape” wrong, while for
the no-Kanizsa display, ‘no-shape’ is considered correct and the others
wrong). In experiment 5, where the Kanizsa triangle could appear either on
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the left side or the right side, a “correct answer” is one that matches the
location in which the Kanizsa display appeared. Reaction times (RT) were
also analyzed, yet with no prior hypothesis as this was not a speeded task.
Indeed, no substantial effects were found in RT, and we focus here on the
analyses of correct responses (but see Supplementary Note 1).

In Experiment 1, when a triangle Kanizsa display was presented,
participants who received a Pac-Man gameboard prime were less than half
as likely to report seeing a triangle than participantswhowere primedwith a
scrambled version of the same gameboard (42.9% vs. 87.8% respectively;
χ2(1, N = 98) = 21.80; p < 0.001, φ = 0.472, 95% CI = [0.274, 0.670]; Fig. 2).
These findings were supported by Bayesian analysis, providing extreme
evidence for the presence of an effect55 (BF10 = 18248.884, φ = 0.454, 95%
CrI= [0.273, 0.609]). In the control condition, inwhichano-Kanizsadisplay
was presented, there was no difference between the groups in accuracy (i.e.,
reporting no shape; Pac-Man prime: 32.7%, scrambled prime: 54%;
χ2(1,N = 102) = 4.72; p = 0.654,φ = 0.215, 95%CI = [0, 0.409], thoughwith
an inconclusive BF10 = 2.473, φ = 0.209, 95% CrI = [0.029, 0.382]). A post-
hoc analysis showed that the semantic prime actually reduced seeing the

Kanizsa to the point that the ratio of reporting seeing nothing was not
statistically different than that ratio when no Kanizsa shape was even dis-
played (reporting seeing nothing in the Kanizsa display with the Pac-Man
prime vs. in the no-Kanizsa display with the Pac-Man prime: 28.6% vs.
32.7%; χ2(1, N = 101) = 0.20; p = 0.654, φ = 0.045, 95% CI = [0, 0.236]).
There was moderate evidence that the two ratios were equivalent (i.e., that
there was no difference between them BF10 = 0.249, φ = 0.070, 95% CrI =
[0.003, 0.226]), implying that the semantic prime may have abolished the
illusion altogether.

Yet an alternative interpretation is that participants failed to see the
shape not due to the semantic activation evoked by the prime, but due to
attentional engagement by the prime image57. Possibly, as the prime
gameboard was more interesting than its scrambled version, it might
have engaged participant’s attention, leaving too few resources to detect the
upcoming Kanizsa shape within the rich, crowded display. To test this
interpretation, in Experiment 2 the prime was either an unrelated image
(a gift box), created to resemble the gameboard used in Experiment 1 in
terms of color and usage of dots, or a scrambled version of that image. Here,

Fig. 2 | Results of experiments 1-4. For each experiment, the distribution of par-
ticipants’ responses is shown for the Kanizsa display on the left and the no-Kanizsa
display on the right. Within each display type, the left column corresponds to the
meaningless prime and the right column to themeaningful prime. High proportions
of seeing a triangle (blue segments) occurred only when a Kanizsa triangle was
displayed, and it was preceded by a meaningless or a non-related (Experiment 2)
prime. When the prime was meaningful and related to Pac-Man, either as an image

(Experiment 1) or as a word (experiments 3 and 4), reports of seeing a triangle
dropped to a comparable level as when no Kanizsa triangle was displayed. In
Experiment 2, when the prime was meaningful but was not semantically relevant to
Pac-Man (i.e., a gift box), this drop did not occur, suggesting it is indeed the semantic
content of the prime that affected perception of the Kanizsa illusion. Each experi-
ment included n = 200 participants. **p < 0.001.
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participants were as likely to provide an accurate answer when the triangle
Kanizsa display was presented (gift box prime: 82.7%; scrambled prime:
82.4%; χ2(1, N = 103) < 0.01; p = 0.964, φ = 0.004, 95% CI = [0, 0.006],
BF10 = 0.185, φ = 0.065, 95%CrI = [0.003, 0.210]) and when it was not (gift
box prime: 59.6%; scrambled prime: 52.0%; χ2(1,N = 97) = 0.56; p = 0.453,
φ = 0.076, 95% CI = [0, 0.275], BF10 = 0.326, φ = 0.088, 95% CrI = [0.004,
0.265]; Fig. 2). Post-hoc analysis including both Experiment 1 and Experi-
ment 2 showed that the abovementioned effects were manifested in a triple
interaction between prime, display type and experiment in predicting
reports of “triangle” (F(1, 392) = 14.44, p < 0.001, η2p = 0.036, 95% CI =
[0.012, 1]). Taken together, these results suggest that the prime affected
detecting the Kanizsa illusion in Experiment 1 and not in Experiment 2.
Therefore, the effects found inExperiment 1 couldnot be easily explainedby
the mere meaningfulness of the prime, but rather suggest that they depend
on the meaning of that prime being related to the Pac-Man game.

Kanizsa illusion reduction via word primes
Next, we tested if the effect can be evoked also by a verbal prime, to exclude
any possibility that priming was driven by some perceptual features. In
Experiment 3, the prime was accordingly the Hebrew word “ ןמקפ ” (Pac-
Man), or a correspondingnon-word “ ןמלפ ” (Pal-Man). Again, an effectwas
found, such thatwhenaKanizsa triangle displaywas presented, participants
in the Pac-Manword prime groupwere less likely to report seeing a triangle
than in the non-word prime group (46.0% vs. 88.2% respectively; χ2

(1, N = 101) = 20.47; p < 0.001, φ = 0.450, 95% CI = [0.255, 0.645],
BF10 = 8651.865, φ = 0.435, 95% CrI = [0.259, 0.588]; Fig. 2). Again, no
difference in accuracy was found in the control condition, which contained
no Kanizsa illusion (Pac-Man word prime: 40.0%, non-word prime: 44.9%;
χ2 (1,N = 99) = 0.24; p = 0.622,φ = 0.050, 95%CI = [0, 0.244],BF10 = 0.274,
φ = 0.073, 95% CrI = [0.004, 0.238]).

Experiment 4 was a direct replication of Experiment 3. We chose to
replicate this experiment since its results were most far-reaching with
respect to the effect of cognition on perception: an effect of a word prime –
that cannot be ascribed to any perceptual effect evoked by a prime image –
on the likelihood of perceiving a visual illusion. Accordingly, we wanted to
verify its reproducibility in another experiment, conductedonanewsample.
Indeed, Experiment 4 fully replicated the results: here too, under theKanizsa
display, only 40.8% of participants reported a triangle following the Pac-
Man word prime, compared to 88.5% following the non-word prime (χ2

(1, N = 101) = 25.29; p < 0.001, φ = 0.500, 95% CI = [0.305, 0.695],
BF10 = 112043.032,φ = 0.484, 95%CrI= [0.305, 0.632]), while no difference
was found under the no-Kanizsa display (Pac-Man word prime: 40.8%,
non-word prime: 44%; χ2 (1,N = 99) = 0.10; p = 0.749, φ = 0.032, 95% CI =
[0, 0.220], BF10 = 0.256, φ = 0.067, 95% CrI = [0.003, 0.223]; Fig. 2).

Kanizsa illusion enhancement
Finally, in Experiment 5 we set to examine if the effect can be
reversed, so to enhance the tendency to see the Kanizsa shape fol-
lowing a congruent word prime indexing the expected shape (‘Tri-
angle’), as compared to an incongruent one indexing a different
shape (‘Square’), or a non-word. To make sure we are indeed probing
Kanizsa perception and not simple response priming, here the task
was not to report which shape, if at all, was present, but to detect if it
appeared to the right or to the left side of the fixation cross (note that
the same concern did not apply in Experiments 1-4, as there, the
prime stimuli are not expected to bias participants towards choosing
the “triangle” response, while here the prime itself is the word “tri-
angle”). We reasoned that if priming increased illusory perception,
participants will be more likely to correctly detect the shape location.
This was indeed the case (χ2 (2, N = 348) = 18.28; p < 0.001, Cramer’s
V = 0.229, 95% CI = [0.115, 0.329], BF10 = 167.035, Cramer’s
V = 0.232, 95% CrI = [0.128, 0.329]; Fig. 3). Post-hoc analyses
showed that participants had higher accuracy in the congruent group
compared with the incongruent group (50.0% vs. 24.1%, respectively;
χ2 (1, N = 232) = 16.63; p < 0.001, φ = 0.268, 95% CI = [0.139, 0.396],

BF10 = 674.715, φ = 0.263, 95% CrI = [0.143, 0.383]), and also com-
pared with the non-word group (31%; χ2 (1, N = 232) = 8.66;
p = 0.005, φ = 0.193, 95% CI = [0.064, 0.322], BF10 = 12.021,
φ = 0.190, 95% CrI = [0.065, 0.311]). Accuracy was not found to
differ between the non-word group and the incongruent group (χ2

(1, N = 232) = 1.38; p = 0.240, φ = 0.077, 95% CI = [0, 0.206],
BF10 = 0.289, φ = 0.075, 95% CrI = [0.004, 0.198]). It was also not
found to be modulated by the side of the Kanizsa display (χ2

(1, N = 348) = 0, p = 1, φ = 0, 95% CI = [0, 0], BF10 = 0.127, φ = 0.037,
95% CrI = [0.002, 0.119]).

Discussion
In this work, we show that participants can be semantically primed against
seeing the Kanizsa shape (Experiments 1, 3 and 4), that this result cannot be
explainedby attentional engagement of ameaningful prime (Experiment 2),
and that semantic priming can even enhance the probability of perceiving a
Kanizsa shape (Experiment 5). Taken together, the results of the five
experiments we conducted reveal a surprisingly strong phenomenon
whereby the likelihood of seeing the Kanizsa illusion is either reduced or
enhanced by semantic priming.

Previous work has demonstrated amodulatory effect of priming41,42, of
task38 and of attention39 on illusory perception, as well as affective influences
on the probability of seeing an illusion44. Here, we demonstrate an abol-
ishment of an illusion due to semantic priming. This suggests that visual
illusions are not as impervious to cognition as previously thought29,30,
challenging claims of cognitive impenetrability17–19 and supporting the role
of top-down knowledge-based processes in perception8,49,58–60, in line with
predictive processing accounts6,61.

According to these accounts, top-down signalsmodulate the activity in
lower-level areas, allowing expectations and previous knowledge to affect
processing48. Indeed, such top-down effects were reported at the earliest
stages of the cortical visual hierarchy62, specifically in the context of illusory
contours. For example, single cell recordings in monkeys revealed that
illusory contours evoke responses in V1 and V2 neurons63,64, with the latter
responding earlier to the contours than the former65, suggesting the response
reflects feedback connections. In humans, this effect was shown to specifi-
cally target deep layers of V166. Later studies focused more generally on the
influence of expectations on neural activity (for review, see ref. 67). These
studies further demonstrated that expectations about the probability of a
stimulus to appear (e.g., when a cue predicts the appearance of a specific
stimulus) bias neural activity prior to the presentation of that stimulus in
various brain areas, making the stimulus easier to detect68, and evoking

Fig. 3 | Results of Experiment 5. Accurately detecting where the Kanizsa triangle
appeared (green segments) wasmodulated by the prime group. The word “Triangle”
as prime yielded higher accuracy than the non-word “Tsianmle” and the word
“Square”, suggesting that a semantic prime relating to the illusory shape enhanced its
perception. n = 348 participants,*p < 0.01, **p < 0.001.
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templates of the expected stimulus already in V169. Arguably then, in our
study, the presentation of the Pac-Man related stimulus might have evoked
associated templates (i.e., of the Pac-Man figures), biasing participants’
interpretations of the upcoming information towards perceiving them as
Pac-Man figures rather than as background of the Kanizsa shape. This is in
linewithmatchingmodels of perception48, whichwere further strengthened
by EEG studies showing relatively early contextual effects of scene gist on
object processing49,70. At this point, this is merely speculative; further
research is needed to determine the underlying neural mechanisms of the
effects we observed, especially given ongoing debates about the source of
the effect of expectations (e.g., if they affect perceptual processing itself, or
the decision criterion71,72), and how early in the visual hierarchy they occur –
as our results, being behavioral, cannot speak to that question.

Can the current findings be criticized on the same methodological
grounds directed at previous demonstrations of top-down effects17,20? In
our case, we tested both confirmatory and disconformity predictions,
showing that the effect also disappears when an irrelevant prime is used
(Experiment 2). Second, to minimize the role of post-perceptual judg-
ments, the stimuli were briefly presented, and the task (choosing a shape)
directly examined perception (there was an objectively ‘correct’ answer to
choose from three alternatives). Third, to avoid demand and response
biases, our manipulation was not apparent, and each participant com-
pleted only one trial, thereby not knowing in advance what the question
would be. Fourth, special care was taken to control for potential low-level
confounds, bothwhen designing the control conditions and the irrelevant
prime in Experiment 2. Fifth, memory effects were minimized by
immediately probing participants’ perception after the display has been
presented. Lastly, we showed that our effect cannot be simply explained by
attentional engagement that is irrelevant to the semantic prime. Notably
though, we concede that it might be mediated by some form of feature-
based attention73, guiding participants to perceive the local inducers, and
not the globalKanizsa shape, as thefigure rather than the ground14,74,75. Yet
from our perspective, even if this is the case, this would not be a confound
but rather part of the mechanism by which cognition affected
perception14,76, which is in line with similar views in the field1,29,77.

Limitations
Naturally, the current study is not free of limitations and outstanding
issues. First, the Kanizsa detection percentage in experiment 5 is lower
than those of experiment 1–4, despite sharing similar stimuli. This might
stem from the different task, or from the fact that Experiment 5 was
conducted online rather than in person, which was the case in Experi-
ments 1–4. Second, all our experiments were designed to yield suboptimal
performance, via short presentation durations and crowding of the
Kanizsa illusion thatwasplacedperipherally rather than foveally. Thiswas
aimed at assuring variability in the dependentmeasure so that it would be
sensitive to themanipulation (i.e., to avoid a ceiling effect). Our approach
further accords with the claim that such impoverished presentation
conditions might be more sensitive for finding effects of cognitive
penetrability, as top-down effects are arguably more pronounced when
the bottom-up stimulation is noisier29. Future work could systematically
manipulate the noise level of the stimulus, testing the limits of cognitive
penetrability as the stimulus grows closer to the typical Kanizsa display,
presented in isolation and foveally. Finally, a puzzling result pertains to the
tendency of a relatively large proportion of participants to report seeing a
shape (triangle/square) even for the no-Kanizsa display. This response
might be driven by demand characteristics78—that is, participants’
assumption that they are expected to see something (as the question
“which shape did you see?” already contains a bias), leading them to guess
that one of the shape options is more feasible than the option of no shape
at all. It is also possible that the no-Kanizsa display we used gave rise to
some unplanned shapes, despite our efforts to design it otherwise. This
echoes the well-established tendency to see shapes and patterns, even in
meaningless stimuli79. Thus, the field will benefit from additional studies

using different stimuli to further investigate the possible susceptibility of
the Kanizsa illusion to top-down effects of cognition.

Data availability
The complete response data of all five experiments are publicly available at:
https://osf.io/wmak2/.

Code availability
Analysis and experimental code used for this study are publicly available at:
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