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Abstract

There is broad empirical evidence suggesting that higher-level
cognitive processes, such as language, categorization, and
emotion, shape human visual perception. For example, cate-
gories that we acquire throughout lifetime have been found to
alter our perceptual discriminations and distort perceptual pro-
cessing. However, many of these studies have been criticized
as unable to differentiate between immediate perceptual expe-
rience and the arguably concomitant processes, such as mem-
ory, judgment, and some kinds of attention. Here, we study
categorical effects on perception by adapting the perceptual
matching task to minimize the potential non-perceptual influ-
ences on the results. We found that the learned category-color
associations bias human color matching judgments away from
their category ideal on a color continuum. This effect, how-
ever, unequally biased two objects (probe and manipulator)
that were simultaneously present on the screen, thus demon-
strating a more nuanced picture of top-down influences on per-
ception than has been assumed both by the theories of categor-
ical perception and the El Greco methodological fallacy. We
suggest that only the concurrent memory for visually present
objects is subject to a contrast-from-caricature distortion due
to category-association learning.
Keywords: categorical perception; top-down effects; El Greco
fallacy; color perception; visual short-term memory

Introduction
A large body of evidence suggests that the categorical struc-
ture of our environment affects human auditory and visual
perceptual processing. Learning categories, such as a /b/
phoneme in English, a dove, and a high school teacher, bi-
ases our perceptual processing as reflected in perceptual sim-
ilarity judgments, discrimination judgments, same-different
judgments, and stimulus matchings (e.g. de Leeuw, Andrews,
Livingston, & Chin, 2016; Dubova & Goldstone, in press). In
particular, category acquisition makes us more sensitive to the
sensory stimulations that differentiate one category from an-
other, and biases our perceptual matchings toward or away
from the feature distributions of the item’s category. For
example, it has been suggested that knowing that bananas
are typically yellow might make a new banana appear a bit
more yellow than it actually is (Hansen, Olkkonen, Walter,
& Gegenfurtner, 2006). Categorical perception reflects hu-
man adaptations across a wide range of domains, and it has
been suggested as partially underlying our perceptual exper-
tise (Goldstone & Hendrickson, 2010).

Methodologies that have been commonly used to study
higher-level (e.g. categorical) effects on perception have been
recently criticized. Firestone and Scholl (2016) suggested

that standard XAB discrimination, same-different judgment,
similarity rating, and matching paradigms are unable to dif-
ferentiate between memory, attention, and judgment-based
adaptations from the adaptations that directly affect contents
of immediate, conscious perceptual experience. This critique,
however, is based on the assumption that the “pure” immedi-
ate perceptual experiences exist in isolation from the memory,
judgment, and attention processes, and that the “pure” per-
ceptual experiences could in principle be measured without
being “contaminated” by these other processes. Even though
we are skeptical that the “pure” perceptual experiences exist
and can be studied, we eliminated the potential experimental
artifacts in our study. Thus, we investigate top-down categor-
ical effects on perception by minimizing potential influences
from long-term memory, judgment, and some kinds of atten-
tion in a perceptual matching task. We found a systematic
categorical effect even under these conditions, but this effect
biased human active perception in a more nuanced way than
it has been previously assumed.

Figure 1: A) Stimuli contours used in the experiment: I. Cat-
egory 1 (“dolphins”), II. Category 2 (“turtles”), III. “Neutral”
category not associated with any color distribution. B) Color
distributions of the probe items’ hues for two categories. Red
dots in the middle of the color scale represent the hues that
were used for both categories. C) Experimental procedure.
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Figure 2: Qualitative predictions of the category-based
matching bias patterns for each of the conceptual alternatives:
A) I. Probe and manipulator perception are both subject to
category-based biases; II. Probe perception is affected by a
category-based bias, but the manipulator perception is undis-
torted; B) I. Manipulator perception acquires a category-
based bias, but probe perception does not; II. Neither probe
nor manipulator is affected by category learning. Note that
the prediction patterns are identical for categorical effects of
the contrastive and assimilative nature, as long as the effect
direction stays the same for stimuli appearing as a manipula-
tor and as a probe.

Minimizing the influences of non-perceptual
processes in a perceptual matching experiment

Here, we use a computer-based perceptual matching task to
study top-down categorical influences on visual perception.
In this experimental paradigm, participants need to actively
adjust a manipulator item to make it identical to a probe
item on a given perceptual dimension (e.g. Goldstone, 1995).
This experimental setting facilitates collecting rich data on
the direction and magnitude of perceptual biases and also
minimizes some potential non-perceptual influences on the
results. In our experiment, participants actively adjusted a
slider on the screen to change the color of the manipulator
stimulus to match the color of the probe stimulus. On each
trial, both the manipulator and the probe items were con-
stantly present on the screen until participants made their final
matching response (Fig.1C).

There are several reasons why this perceptual matching
task would be expected to minimize potential influences from
putatively non-perceptual processes on the results. First, both
the probe and manipulator items for each trial simultaneously
appeared on the screen while participants were making their
adjustments. Thus, the only memory-related process that can
affect the matching results is the kind of memory that oper-
ates at the scale of moving the eyes between two objects that
are in front of the participants (we will further call this kind
of memory concurrent). This kind of memory is rapid, low-
level, and is present in all human perceptual interactions with
the world. Second, the scale of the slider that participants
use to make adjustments corresponds to the continuous phys-
ical scale of the matched dimension (color). This eliminates
the potential judgment biases that result from translating the
physical scale of the stimuli to the scale of responses. More-
over, we randomly varied the range of the judgment slider and
its direction (normal or reverse) between trials, so that the par-
ticipants could not associate the items’ categories with partic-
ular positions (or ranges of positions) on the response slider.
Third, the matched color dimension is suffused throughout
the stimulus, so that covert spatial attention is not needed for
completing the task. Thus, we suggest that the categorical
effects that could be found using this experimental paradigm
are unlikely to be attributable to spatial attention, judgment
scaling, or short-term memory processes outside of the scope
of human visual perception.

“El Greco” criticism of top-down effects on
perceptual matching: invalidating or invalid?
The application of the perceptual matching paradigm in stud-
ies of top-down influences on perception has recently been
criticized as suffering from “El Greco” methodological fal-
lacy. Some studies have found categorical perception effects
in matching experiments where the manipulator and probe
belong to the same category (e.g. the color of one letter is
adjusted to match the color of a letter with the same shape in
Goldstone, 1995), which made Firestone and Scholl (2014)
question the result: why have the “perceptual” effects been
found at all in this condition? To illustrate the methodolog-
ical fallacy, Firestone and Scholl alluded to the “El Greco”
phenomenon in art history. Imagine that El Greco is draw-
ing from life, but his astigmatism makes all figures look more
stretched than they actually are. Will El Greco’s painting de-
pict the distorted or non-distorted figures? The authors sug-
gest that the visual distortions that affect the immediate per-
ceptual experiences should result in non-distorted figures on
the painting: El Greco would perceive the figures on the can-
vas as more stretched too, thus the biases affecting the percep-
tion of the real figures and the biases affecting their depictions
on the canvas should cancel each other out. Similarly, it has
been suggested that categorical influences that affect immedi-
ate perceptual experience should equally bias both the probe
and the manipulator items when they are drawn from the same
category. Thus, categorical perception biases (for example, a
“perceptual magnet effect” which distorts the exemplars of a
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category towards their respective category prototypes) should
lead participants to produce unbiased matchings, which con-
tradicts the systematic categorical effects that have been re-
ported in previous studies.

The “El Greco” criticism makes a strong case against the
results that top-down (e.g. categorical) effects bias human
immediate visual perception, as some studies report signifi-
cant effects even when none should be expected. This criti-
cism, however, is based on the assumption that the biases in
immediate perception produce equal distortions for the scene
and the canvas for El Greco, or the probe and the manipu-
lator in the matching task. We suggest that this assumption
will often not be psychologically plausible. Firestone (2013)
notes this possibility, observing that even the originator of the
astigmatic El Greco hypothesis argued that the visual distor-
tion must vary with viewing distance, and therefore unequally
influence the real life figures and their depictions on canvas.

Here, we suggest that there are many reasons why the top-
down perceptual biases might unequally affect human per-
ception of physically separated items. For example, we typ-
ically focus on a particular stimulus in the scene, while en-
coding the other items in concurrent memory between eye-
movements. By “concurrent memory” we mean the memory
for an object that is currently present. Most of the time, we do
not even consider concurrent memory to involve memory at
all. We simply think of it as our perceptual encoding of per-
sistently available information. In the discussed examples,
one of the compared items is usually present in concurrent
memory while the other one is immediately perceived: for
example, at a given moment El Greco is directly looking at
the canvas while remembering the human figure that he just
focused on and which is still perceptually available for him
to study whenever he chooses. We suggest that the biases
affecting human active scene perception might follow a nu-
anced picture. For example, some biases may selectively dis-
tort only the items that are currently being focused on, while
other biases may only affect the concurrent memory encoding
of them. Thus, it is possible for El Greco to draw distorted
figures or for participants to produce distorted matches for the
same-category items due to perceptual biases – if there is at
least some difference between the effects biasing the concur-
rent encoding and the items that are immediately perceived.

Procedure

Here, we test whether categorical effects on perception uni-
formly affect the visible items. We independently varied cat-
egories of both manipulator and the probe items between tri-
als. This design allows us to delineate between the acquired
biases that affect only the probe, only the manipulator, both
of them, and none of them (Fig.2).

The entire experiment consisted of 240 color matching tri-
als (Fig.1C), where the probe items were drawn from the
color distribution assigned to a given category. Thus, learning
of the color distributions and bias assessment were happening
synchronously at each trial.

Predictions
In the matching task used in this study, both the probe and the
manipulator items are simultaneously present at two different
quadrants of the screen (Fig.1C). Given the physical distance
of the two items and the presence of the colorful dividing pat-
tern, it is difficult to solve the matching task without repeat-
edly moving the eyes from manipulator to probe and back
to manipulator. Moreover, the relation between the manip-
ulator’s hue and its specific location along the slider varies
across the trials, so the participants have to actively look at
the manipulator to reconstruct a desired hue. Thus, we hy-
pothesize that the participants are most likely to directly look
at the manipulator item when they are changing its color, and
that they store the probe in concurrent memory.

The potential categorical perception effect is supposed to
bias the middle-colored items from two categories in the op-
posite directions, given that the color distributions of two cat-
egories are located to the opposite sides from these middle
test hues (Fig.1B). This allows us to differentiate between the
categorical effects that bias the probe (concurrent memory),
manipulator (immediate perception), both probe and manip-
ulator (concurrent memory and immediate perception), and
neither of them (Fig.2). If both probe and manipulator are af-
fected by category-based color associations, adjusting a ma-
nipulator of a different, opposing category to match a color
of the probe would produce the highest color matching dis-
tortion, as the participants would need to match the colors
that are distorted in the opposite directions. By the same
logic, the category-based effect should be the lowest (or non-
different from zero) when the manipulator is from the same
category, and the “neutral” modulators’ effect will lay some-
where in between. These distortion patterns would indicate
that categorization affects both concurrent memory encoding
and the item that is currently focused on, as suggested by
the “El Greco” fallacy (Fig.2A.I). If categorization only bi-
ases the concurrent memory encodings, we expect to see sig-
nificant category-based matching distortion, but no effect of
the manipulator type (Fig.2A.II). If categorization distorts the
item that is directly perceived but does not affect its concur-
rent memory encoding, we expect to see different directions
of perceptual distortion for different manipulator categories
(Fig.2B.I). Finally, if categorization does not affect any of
these processes, we expect to see no category-based distor-
tion in perceptual matchings (Fig.2B.II).

Method
Participants
We collected data from 80 undergraduate students of Indiana
University who received course credit for their participation.
The sample size was decided a priori, based on the other stud-
ies with most similar design (e.g. Goldstone, 1995). The par-
ticipants and the research assistant collecting the data were
not aware of the experimental hypothesis. Three participants
did not finish the experiment, and their data were not included
in further analyses.
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Figure 3: Matching distributions for “Green” (top) and “Purple” (bottom) category. Vertical lines represent the actual hues of
the probe on the color dimension, and the densities reflect the matching distributions for these hues. The physical colors of the
densities and vertical lines reflect the actual colors that were presented to participants for each of these hue conditions. Notice
that the matching distributions are skewed, with the skewness increasing for more peripheral items on the color dimension.
Also, notice that all matching distributions are biased away from the caricatures/extremes of the item’s category color.

Stimuli
We used 5 dolphin-shaped contours and 5 turtle-shaped con-
tours to represent examples of two categories. We used one
amoeba-shaped contour for the “neutral” category trials (see
Fig.1A). There were two color distributions for the two target
animal categories (dolphins and turtles), defined by their po-
sition on the rgb color spectrum: rgb(x, (255-x), 180), where
x = [70, 75, 80, 85, 90, 95, 100, 120, 125, 130] for one cat-
egory and x = [120, 125, 130, 150, 155, 160, 165, 170, 175,
180] for the other category. Thus, across the experiment,
one shape-based category was generally more green, while
the other shape-based category was generally more purple
(Fig.1B). The two categories’ color distributions overlapped
at three colors (x=[120, 125, 130]), which were used for the
main hypothesis testing. Any systematic difference in the
matching of these colors based on animal category can not
be attributable to a general distortion in the perception of the
hues.

The experiment consisted of 240 color matching trials and
can be found here. We created the experiment using the
jsPsych library (de Leeuw, 2015) with a custom written plu-
gin to implement the interactive color matching paradigm.
The experiment was executed in the Chrome browser in a
laboratory context where each of 12 Apple iMac 21.5 inch
computers was enclosed in a sound-dampening cubicle with

a constant 5-watt, overhead illumination.
On each trial, participants adjusted the hue of the manipu-

lator stimulus on the bottom-right corner to make it identical
to the hue of the probe stimulus on the top-left corner of the
screen. A colorful diagonal filler appeared between the two
stimuli to prevent participants from using strategies that do
not involve moving the eyes from one item to another. Par-
ticipants were not limited in the time that they could use to
match the hues. Participants pressed the “Continue” button
on the bottom of the screen to finalize their matching response
and progress to the next trial (Fig.1C).

The probe stimuli had two possible shape categories: dol-
phins and turtles. The manipulator items belonged to four
shape-based categories depending on the shape of the probe
on a given trial: identical, same category, opposite category,
and neutral (the “amoeba” shape that never appeared as a
probe). The categories of the probe and the manipulator were
randomly chosen on each trial. The probe colors were ran-
domly drawn from category-based color distribution. For
each participant, one category (e.g. dolphin) generally laid
on the “green” side of the color spectrum, whereas the other
category (e.g. turtle) belonged to the “purple” side of the
color spectrum (Fig.1B). The category-to-color assignment
was randomly chosen for each participant when they started
the experiment, so that the prior color associations that partic-
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ipants have for each of two categories (dolphins and turtles)
do not confound the results.

Participants used a slider on the bottom of the screen to
make adjustments to the manipulator. The slider contained
190 hue increments, and its beginning color varied from 0 to
60. The starting position of the slider on each trial was exactly
in the middle. The slider direction was randomly chosen be-
tween normal (from green to purple) and reverse (from purple
to green).

Analysis
Data Exclusion Criteria
Data were excluded according to the following pre-registered
exclusion criteria:

1. All of the data from a participant were excluded if the
average absolute deviation of their reconstructions from the
actual colors is larger than 13 (1 subject).

2. We also excluded data from individual trials in which
the absolute deviation of the actual hue from the matched hue
was larger than 18 (128 trials).

3. For pre-registered hypothesis testing, we only used the
effects on the perception of the controlled hues that were
present in both categories (e.g. the same 3 color values that
appeared in both categories).

The analysis was replicated with a data-driven subject and
trial exclusion criteria. In particular, we removed participants
with an average absolute matching error more than 3 standard
deviations higher than the average per-subject matching error,
as well as trials with an absolute matching error higher than
3 standard deviations from the average matching error.

Hypothesis testing
We applied a pre-registered mixed linear model and an alter-
native, Bayesian mixed linear model to test the main effects
of category shape and type of manipulator on color estima-
tions. We used the following formula:

Signed deviation from the actual stimulus’ color ∼ probe
category + manipulator type + probe category * manipulator
type + trial number + (1|subject)

We expected a significant effect of probe and manipula-
tor type on the reconstruction deviations: in particular, we
anticipated that reconstructions would be biased towards the
mass of their respective category color distribution (as re-
ported in Goldstone, 1995; Cibelli, Xu, Austerweil, Griffiths,
& Regier, 2016; Bae, Olkkonen, Allred, & Flombaum, 2015).

Results
As expected, we found a significant effect of the probe cate-
gory on the matching of the three overlapping colors across
the two categories (“purple” category: est. = -0.68, 95%
CI [-1.16,-0.18], t = -2.66, p = 0.008). Contrary to our ex-
pectations, the test hue matchings were biased away and not
towards their respective category color distributions (Fig.3,
Fig.4). The effect of the manipulator category (had 3 layers:

Figure 4: Effects of the shape-based category and manipu-
lator type on matching errors for the three testing hues that
were present in both categories. Negative matching error rep-
resents distortion to the left (green) side of the color dimen-
sion, positive matching error reflects distortion to the right
(purple) side of the color dimension. Left: matching error
distributions for the shape-based category (either dolphins or
turtles) associated with the “green” side of the color contin-
uum. Notice that the items of this category were more likely
to be reconstructed as more purple than they were. Right:
matching error distributions for the category that was associ-
ated with the “purple” side of the color continuum. Notice
that the items of this category were more likely to be recon-
structed as more green than they were.

“neutral”, “green” category, “purple” category) was incon-
clusive: the effect for the “purple” category was significant
(est. = 0.52, 95% CI [0.03,1.01], t = 2.09, p = 0.037), but the
effect for the “green” category was not (est. = 0.3, 95% CI [-
0.12,0.73], t = 1.41, p = 0.158). The effects of the interaction
of the manipulator and probe category were not significant
(“purple” category probe and “green” category manipulator:
est. = -0.5, 95% CI [-1.15,0.15], t = -1.5, p = 0.134; “purple”
category probe and “purple” category manipulator: est. = -
0.51, 95% CI [-1.16,0.14], t = -1.53, p = 0.125). The effect
of trial number was not significant (est. = -0.0001, 95% CI
[-0.002,0.002], t = -0.14, p = 0.893). Adding a random slope
of the probe category (probe category—subject) to the model
did not lead to qualitative changes in the results.

We added the predictors of the response slider direction
(normal or reverse) and slider starting position on each trial
to the model. The significance of the reported effects and
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their signs did not change, but the effect of slider direction
was significant (“reverse”: est. = 0.27, 95% CI [0.02,0.51], t
= 2.15, p = 0.032).

The same analysis with the data-driven exclusion criteria
led to the same results, except that the effect of the “pur-
ple” manipulator category was not significant (est. = 0.43,
95% CI [-0.07,0.93], t = 1.67, p = 0.094). Results of the
Bayesian mixed linear regression analysis in Stan (Carpenter
et al., 2017) were fully consistent with the results of frequen-
tist mixed linear regression analysis. All the posterior distri-
bution samples for the effect of “purple” probe category were
negative (mean = -0.88, 95% CI [-1.28,-0.49]), and 97% of
the posterior distribution samples for the effect of “purple”
manipulator category were positive (mean = 0.38, 95% CI [-
0.02,0.78]).

The observed categorical bias pattern (Fig.4) is consistent
with one of our predictions (Fig.2A.II: probe is distorted by
categorical bias, but the manipulator is not).

Discussion
We found that participants’ perceptual matchings of colors
were biased by the category of the probe, but not the manip-
ulator, stimulus. Both items were simultaneously present on
the screen, and the possibility for slider position-category as-
sociations was eliminated by assigning a random starting hue
for each trial’s slider. There are several differences between
manipulator and probe items that could cause their differen-
tial susceptibility to a top-down categorical bias. In particu-
lar, the probe color remains constant while the manipulator
color is actively changed by the participants. The probe item
is likely stored in a concurrent memory while the manipula-
tor is focused as its color is adjusted. We suggest that the
category-based bias most likely affects the concurrent mem-
ory encoding that operates at the timescale of moving the
eyes from one part of the screen to another. Even though we
did not directly measure eye movements, we suspect that the
concurrent memory that affects the probe could be similar to
transsaccadic memory which has been proposed to store the
contents of objects on the scene during active perception (note
that there are many similarities between transsaccadic and
visual short-term memory: Hollingworth, Richard, & Luck,
2008). Again, we note that the kind of memory that partici-
pants employ to solve our matching task likely participates in
most realistic perceptual activities, and that there is still ex-
tensive (and probably unresolvable) debate on whether such
visual short-term memory constitutes our conscious visual
experiences (for a discussion, see O’Regan & Noë, 2001).

Our main result shows that learned categorizations affect
human perception in a more nuanced way than has previously
been recognized. In particular, not all of the items in a scene
are equally affected by learned categories. We suggest that
further studies clarify the properties that make some items in
a scene more susceptible to categorical biases than others.

Our work urges caution for using the “El Greco” criticism
when interpreting top-down effects on perception. Our results

cast doubt on this criticism’s main premise that the probe and
manipulator (or the canvas and the scene, for El Greco) are
equally affected by top-down effects on perception. Valenti
and Firestone (2019) recently reported similar results: they
found inconsistent categorical influences on color matchings
for different combinations of the object and its background
categories. The authors interpreted this result as indicat-
ing the non-perceptual nature of the effect. Our interpre-
tation differs from Valenti and Firestone’s conclusion: we
suggest that it might not be possible to differentiate between
“perceptual” and “non-perceptual” effects beyond what can
be done by minimizing clearly non-perceptual artifacts in a
given task. The “El Greco logic”, however, can be used for
testing whether a given bias equally affects different types of
objects in the task, as we did in this study.

We found that participants’ concurrent memory color en-
codings were contrasted away from the probe category’s ide-
alization on the color scale, instead of being assimilated to
the category-based color distribution (Fig.3 & 4). Imagine
that dolphins are generally greener than turtles. An ideal-
ized, or caricatured, color representation of dolphins would
be shifted away from the prototypical color of the dolphins
in the direction opposite of the contrasting turtle category’s
purple hue. Accordingly, the caricature of dolphins would
be greener than the prototypical dolphin, perhaps as extreme
as color=60 (Fig.3), whereas the turtle’s caricature would be
around the purple extreme (e.g. at color=190). Even though
we expected that participants’ matching judgments would be
distorted by an assimilative category bias, the contrast-from-
caricature effect that we found is consistent with previous re-
sults on interrelated category representations. In particular,
when simultaneously learning categories that are frequently
alternated, people often form caricature-based category rep-
resentations that emphasize the diagnostic criteria that distin-
guish one category from the others (Goldstone, 1996; Palmeri
& Nosofsky, 2001; Goldstone, Steyvers, & Rogosky, 2003;
Ameel & Storms, 2006; Davis & Love, 2010; Levering &
Kurtz, 2006). Our results indicate that the stimuli get encoded
relative to such idealized representations.

The contrast-from-caricature effect on perceptual concur-
rent memory encodings is inconsistent with many rational
models of perceptual memory. In particular, a rational per-
ceptual encoding is commonly formalized as assimilated to-
wards the relevant priors (e.g. the respective category color
distribution). Our data suggest that the concurrent memory
encodings of the testing stimuli are contrasted away, instead
of being biased towards, the perceptual prior distribution.
Two recent studies used a similar immediate color matching
paradigm to study the effects of language labels on color re-
construction (Cibelli et al., 2016; Bae et al., 2015). These
studies showed a significant effect of prototypes associated
with English color labels on perceptual matching, and this
evidence has been construed as supporting the rational mod-
els of adjusting hue perception towards the label-associated
category prototype (see also Huttenlocher, Hedges, & Dun-
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can, 1991; Feldman, Griffiths, & Morgan, 2009). However,
close examination of the results of both studies indicates a
bias away from caricatures for one out of two tested colors in
Cibelli et al. (2016) and the biases away from the prototype
for several color categories in Bae et al. (2015). Taken with
our current evidence, these studies suggest that contrast from
category caricatures is a commonly observed, if neglected,
phenomenon, and further studies should clarify the role of
category distributions in biasing concurrent visual memory
encodings in different directions.

Open practices statement
Pre-registration can be accessed at https://osf.io/maf93. De-
identified data and scripts for reproducing analyses and fig-
ures are posted at https://osf.io/uprch/.
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