Journal of Vision (2021) 21(6):1, 1–11

1

Distinct processes of lighting priors for lightness and 3-D
shape perception
Yuki Kobayashi

School of Human Sciences, Osaka University, Suita, Japan
Japan Society for the Promotion of Science, Tokyo, Japan

Daniele Zavagno

Department of Psychology, University of Milano-Bicocca,
Milan, Italy

Kazunori Morikawa

School of Human Sciences, Osaka University, Suita, Japan

The visual system often relies on prior assumptions
when interpreting ambiguous visual inputs. A
well-known example is the light-from-above prior, which
aids the judgment of an object’s three-dimensional (3-D)
shape (i.e., convex or concave). Recent studies have
revealed that the light-from-above prior also helps solve
lightness ambiguity. This study aimed to examine
whether 3-D shape perception and lightness perception
share the same lighting prior. The study participants
performed two tasks: one focusing on lightness
perception and another focusing on 3-D shape
perception. The dominant directions of the assumed
lighting were calculated from participants’ performance
in the two tasks. The results showed that the assumed
lighting direction for 3-D shape perception were
considerably biased toward the left, whereas the one for
lightness perception was almost from directly above.
The clear diﬀerence between these two directions
supports the hypothesis that the visual system uses
distinct lighting priors for 3-D shape perception and
lightness perception. Experiments 1 and 2 involved
Japanese speaking participants and European
participants, respectively. The Japanese language can be
read and written both horizontally (i.e., left to right) and
vertically (i.e., up to down) with lines progressing from
right to left. Nevertheless, the two experiments still
produced the same result, which suggests that the
present ﬁnding is universal regardless of reading/writing
direction.

Introduction
When we see an object with an ambiguous
three-dimensional (3-D) shape, we tend to address
such ambiguity by assuming that illumination comes
from above (Ramachandran, 1988; Sun & Perona,

1998, van Doorn, Koenderink, Todd, & Wagemans,
2012). Although the light-from-above prior assumption
has been known to facilitate the perception of 3-D
shapes, recent studies have also identified its relevance
in lightness perception (Adams, Graf, & Ernst, 2004;
Kobayashi & Morikawa, 2019; Menshikova, 2013).
Kobayashi and Morikawa (2019) clearly demonstrated
this effect by creating an illusion called the “inversion
effect,” shown in Figure 1. The left and right panels of
the figure are all identical except for their orientation,
but the left panel surface appears slightly darker
than the right panel. This illusion suggests that the
visual system estimates and discounts more intense
overhead illumination for the upward-facing surface
on the left; hence, the slight darkening of the surface’s
lightness. The inversion effect of lightness was a novel
demonstration of the role the light-from-above prior
plays in lightness perception in the absence of any
specific illumination cues.
We sought to empirically address the following
question: if two different perceptual processes—3-D
shape perception and lightness perception—involve a
prior lighting assumption, do they also share the same
prior, or do they use two independent ones?
Studies investigating the assumed lighting used in
3-D shape perception have found that its dominant
direction is not directly from above, rather it is
biased slightly toward the left (e.g. Mamassian &
Goutcher, 2001; McManus, Buckman, & Woolley,
2004; Metzger, 2006; Sun & Perona, 1998). Some tasks
using different stimuli have confirmed this left-biased
tendency (Andrews, Aisenberg, d’Avossa, & Sapir,
2013; Gerardin, Montalembert, & Mamassian, 2007;
Sun & Perona, 1998; Thomas, Nardini, & Mareschal,
2010), although its ecological origin is unclear. The fact
that the lighting prior is not necessarily fixed directly
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Figure 1. The two images are identical except for their rotation. The left panel appears slightly darker than the right, which can be
attributed to their orientation and the lighting prior. These images were reproduced from Kobayashi and Morikawa (2019) with
SAGE’s permission.

overhead implies its flexibility and modifiability, and
thus, one may hypothesize that its direction might vary
depending on the visual tasks (e.g. judgments on shape
or lightness).
Assumed lighting direction measurements by 3-D
shape, perception studies have revealed significant
differences between groups. For example, right- and
left-handers prefer different lighting directions (Sun
& Perona, 1998). Sun and Perona (1998) speculated
that this phenomenon might be associated with one’s
experience in writing, during which an individual
prefers illumination from the side opposite to their
dominant hand so that their writing hand does not
cast a shadow on the paper. However, other studies
have failed to confirm the effect of handedness on the
assumed illumination direction (Andrews, Aisenberg,
d’Avossa, & Sapir, 2013; Mamassian & Goutcher, 2001;
McManus et al., 2004). Andrews et al. (2013) found that
the assumed lighting direction is affected by reading
and writing experiences because Hebrew participants,
who read and write from right to left, showed a much
weaker (or lack of) leftward bias compared with
English-reading participants, who showed a strong left
bias. Developmental effects have been supported by
several studies (e.g. Stone, 2011, Stone & Pascalis, 2010;
Thomas, Nardini, & Mareschal, 2010). Adams’s group
demonstrated that even short-term training sessions in
an experimental room can alter the assumed lighting
direction (Adams et al., 2004; Adams, Kerrigan, &
Graf, 2010; Kerrigan & Adams, 2013). The group used a
type of training that coupled visual shape-from-shading
stimuli with a haptic convexity/concavity feedback
to ensure that the participants learned to associate
particular light source directions with specific contexts.
These studies highlight between-group differences in
the lighting prior used to perceive 3-D shapes.
Adams (2007) took advantage of these differences
to examine lighting priors. She attempted to clarify
whether 3-D shape perception, visual search,
and reflectance judgment use a common prior.
Participants performed three different tasks, and
the assumed lighting directions were calculated for
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each. If the participants used one common prior,
the directions should be similar for all tasks. Indeed,
the correlations between the tasks were significantly
positive.
Adams (2007) results suggest that lightness and 3-D
shape perception might share the same lighting prior.
Other studies have also supported the shared-prior
hypothesis. Knill and Kersten (1991) showed that
perceived convexity changes lightness and illumination
perception, indicating close relations among 3-D
shape, lightness, and illumination. Other studies on
visual material perception have also demonstrated
the effect of 3-D shape perception on illumination
impression and surface material perception, confirming
the close associations between 3-D shape and lightness
perception (Anderson & Kim, 2009; Marlow, Kim,
& Anderson, 2017; Marlow, Mooney, & Anderson,
2019; Marlow, Todorović, & Anderson, 2015).
Furthermore, Adams et al. (2004) found that a training
session with information regarding stimuli shape
and illumination can affect the lightness perception.
This observation supports the hypothesis that the
processes driving the shape and lightness perceptions
use illumination information in the same manner. These
studies indicate the plausibility of the shared-prior
hypothesis.
However, studies have provided empirical evidence
that the visual system may use different lighting priors
to perceive lightness and 3-D shapes. Kerrigan and
Adams (2013) showed that the visual system can
learn and hold two different lighting priors. They
had participants learn two lighting directions in
two different contexts, after which they were able to
modify their shape-from-shading estimates according
to the two lighting directions. Adams (2008) showed
that one’s perception of gravity affects their assumed
lighting direction in a shape judgment task but not
in a visual search task despite both using similar
stimuli. This suggested that the visual system could
use different lighting priors even within the domain
of shape-from-shading perception, providing further
evidence for the independent-priors hypothesis.
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The present study aimed to test the (in)dependence
of the lighting priors used to perceive lightness and 3-D
shapes. To understand the purpose of the experiments
used in this study, let us consider Adams (2007) seminal
work once more. Her results support the shared-prior
hypothesis; however, the task in her experiment involved
determining the cause of the lightness/brightness
differences experienced in the stimuli (i.e., tetrahedrons
that appeared illuminated by a distant light source). In
other words, the participants were asked to evaluate
whether the differences in the perceived intensity of
the different faces of the tetrahedrons were caused by
differences in illumination or pigmentation.
By contrast, the lightness task in the current study
focused on how dark a surface appears and instead
of asking why a surface is darker than another, the
participants were asked to determine which of the
two surfaces differently oriented in space is darker.
Moreover, the stimuli we used, which were similar to the
illusion depicted in Figure 1 (Kobayashi & Morikawa,
2019), did not include any cues to lighting direction
other than the light-from-above prior.
In the present study, each participant performed a
lightness perception task and a 3-D shape perception
task, which were conducted with different types of
stimuli. For each participant, the assumed lighting
directions for the two tasks were calculated and
examined to check for similarities or differences. If the
two assumed lighting directions were the same and
significantly positively correlated, such results would
support the hypothesis of a single lighting prior for
lightness and 3-D shape processing. By contrast, if the
two directions were not correlated and showed different
tendencies, such results would support the hypothesis
of independent lighting priors for the two processes.

Experiment 1
Method
Participants
The present study included 26 naïve university
students whose ages ranged from 20 to 28 years (M =
22.2, SD = 2.09, 9 women and 17 men). All participants
spoke Japanese as their first language and had normal
or corrected-to-normal visual acuity. One reported
being left-handed. This study was approved by the
Research Ethics Committee of the Osaka University
School for Human Sciences and adhered to the
Declaration of Helsinki.
Apparatus
A CRT monitor (Trinitron GDM-F520, SONY)
with a 1600 × 1200 resolution was used. A ColorCAL
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II (Cambridge Research Systems) measured stimuli
luminance. Viewing distance was fixed at 57 cm using
a chin rest, and the experiment was run on PsychoPy2
(Peirce, 2007, 2009; Peirce et al., 2019). The participants
performed the task in a dark room with no light source
except for the monitor.

Stimuli and tasks
Each participant performed two tasks: a 3-D
shape task and a lightness task. Their sequence was
counterbalanced among the participants.
3-D shape task: Adapted from Andrews et al.
(2013), this task used similar stimuli (Figure
2). This “honeycomb” configuration consists of
seven hexagons with shaded edges to project a
convex/concave impression. Assuming a single light
source (Ramachandran, 1988), the central hexagon
appears to be at an opposite depth to the surrounding
six. This stimulus was considered to provide a more
salient depth impression than the one generated by a
conventional shaded hemisphere (Gerardin et al., 2007).
Including the gray background, the stimulus image
measured 13 cm in height and width on the screen (the
height and width of the honeycomb image’s area were
approximately 10.3 and 10.6 cm, respectively).
The stimulus was presented at the center of the gray
background. The background had the same shade of
gray as the stimulus area (34.4 cd/m2 ). In each trial,
the stimulus was presented at one of 24 equal-stepped
angles from 0 degrees to 345 degrees.
The task involved pressing a key to determine
whether the central hexagon appeared convex or
concave. The presented stimulus was visible for 500 ms
but was interrupted by the participants’ key press. After
a trial was completed, only the background was shown
for 500 ms before the next trial. Each angle condition
was repeated 20 times. Therefore, this task consisted
of 480 trials in random order. When the participants
completed the 240th trial, they were allowed to take
a break (and the participants could resume the task
freely by pressing a key). Before the main task, the
participants performed 32 practice trials under normal
illumination without a feedback. Some participants
who did not understand the task in this practice session
performed it twice.
Lightness task: Because the objects in Figure 1 are
asymmetric, they may introduce a systematic bias. To
avoid this concern, a symmetric surface stimulus was
devised (Figure 3a). It had grids on its gray surface
to provide depth cues. With the black background,
the stimulus was 9.6 cm high and 14.2 cm wide on the
screen (the height and width of the panel image’s area
were approximately 3.1 and 9.9 cm, respectively), and
its luminance was fixed (gray area = 12.2 cd/m2 , black
grids = 1.7 cd/m2 , and white edge = 74.4 cd/m2 ).
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Figure 2. Examples of the “honeycomb” stimulus. Its orientation varied randomly in each trial.

Figure 3. (a) Examples of the surface stimuli. (b) An example of the experiment display.

A pair of stimuli was presented at the center of
the black background. One image of each pair was a
180 degrees rotation of the other (Figure 3b). Thirty-six
angle conditions at five-degree steps were prepared from
0 degrees to 175 degrees. The stimuli were presented at
an angle randomly chosen from these conditions. The
centers of the two stimuli were 11.9 cm apart.
By pressing a key, the participants chose which
stimulus surface appeared darker. The stimuli were
presented for 1500 ms but were interrupted by the key
presses. After the presentation, a 500 ms blank was
inserted before the next trial started.
The stimulus pair had no differences in physical
luminance because they were the same image, but
the upward-facing version was expected to be chosen
more often because of the illusory effect of the

Downloaded from jov.arvojournals.org on 08/16/2022

light-from-above prior. Each angle condition was
repeated 16 times; therefore, the whole lightness task
session consisted of 576 trials. During the session,
breaks were provided when the participants completed
the 144th, 288th, and 432nd trials. Before the main task,
the participants practiced with eight trials under normal
illumination without a feedback. Some participants
who wanted to redo the practice performed it twice.

Results
Five participants were excluded from the analysis,
four because their data did not show a good fit for
a multivariate logistic regression as described in the
following paragraphs (pseudo R2 < 0.10) and one
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Figure 4. Data from one representative participant in the 3-D
shape task. The black dots indicate the actual data, and the gray
curve shows the model ﬁt. When the honeycomb stimulus was
upright (i.e., 0 degrees and 360 degrees), the target area was
likely to be perceived as convex. If the participant’s assumed
lighting direction is directly above, the peak of the curve (e.g.
the “most concave” rotation) should be at 180 degrees. The
peak’s shift from 180 degrees indicates a bias of assumed
lighting direction. In these data, the peak is at approximately
172 degrees, indicating an 8 degrees bias toward the left.

because the trials were disrupted by a program crash.
One participant reported during the instructions that
he did not perceive convexity for any of the honeycomb
stimuli and thus did not perform the main experiment.
This left a total of 20 participants whose data were
analyzed. One participant reported that he used
opposite keys for concave and convex in the 3-D shape
task; thus, his data were reversed in the analysis. In the
3-D shape task, a very small percentage of trials were
interrupted by key presses before stimulus presentation.
Therefore, these trials were excluded from the analysis
(less than 0.01% of all trials).
Figure 4 illustrates a representative participant’s
data for the 3-D shape task, showing the number of
“concave” responses as a function of angle condition.
The black dots correspond to the actual data, and
the gray curve is the calculated fit as explained below.
The target area was likely to be perceived as convex at
angles near 0 degrees and 360 degrees and as concave at
around 180 degrees.
The logistic regression (gray curve) and the direction
of assumed lighting were calculated based on the
method used by Andrews et al. (2013). The curve was
defined as follows:
p (convex|θ ) =

1
1 + e− f (θ )

(1)

where
f (θ ) = a + b · cos θ + c · sin θ
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Figure 5. Data from one representative participant in the
lightness task. The black dots indicate the actual data, and the
gray curve shows the model ﬁt. A downward-facing surface
stimulus (0 degrees and 360 degrees) was likely to be perceived
as lighter, and when it faced upward (180 degrees), it appeared
darker. In this example, the peak is at approximately
168 degrees, which corresponds to a 12 degrees bias toward
the left (i.e., the calculated direction value is −12).

Here, θ refers to the rotation angle of the honeycomb
stimulus. The assumed lighting direction was defined
this way:
Direction = tan−1

c
b

(3)

If the direction is directly from above, the value is
zero. A negative value corresponds to a bias toward the
left.
Figure 5 shows the lightness task data from the same
participant, indicating the selection rates (i.e., perceived
as darker) at each rotation angle. Here, the selection
rate for x degree (select [x]) is equal to {1 – select [x
+ 180]} (0 ≤ x < 180). Surfaces facing upward (near
180 degrees) were more likely to be chosen as “darker,”
which replicated the result of Kobayashi and Morikawa
(2019). For each participant’s data, the fit and assumed
direction were calculated using the same model in the
3-D shape task.
Figure 6(a) shows the averages of assumed lighting
directions extracted from the two tasks. The 3-D shape
task showed a clear leftward bias for the assumed
lighting direction (−22.0 degrees; t(19) = 4.27, p <
0.001, dz = 0.95),1 instead, results for the lightness
task did not show such a bias (−1.4 degrees; t(19) =
0.73, p = 0.476, dz = 0.16). A pairwise t-test was also
conducted to directly examine the angular difference
between the lighting priors for the two tasks, although
this test was not planned before the experiment. It
resulted in a significant difference (t(19) = 3.80, p
= 0.001, dav = 1.30). Along with the comparison of
means, the correlation among participants was also
examined. If 3-D shapes and lightness share lighting
priors, the directions calculated based on the results
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smaller number is on the right side of the spread in these
publications). Therefore, although the consent forms
and instructions in the present experiments were written
horizontally, the experience of vertical reading/writing
is very common among all Japanese participants.
Reading/writing direction can affect different aspects of
visual perception (Andrews et al., 2013; Ishii, Okubo,
Nicholls, & Imai, 2011; Morikawa & McBeath, 1992).
Although the Japanese vertical reading-from-right style
is not similar to that of Hebrew’s, the possibility of its
influence should be examined. The lack of a leftward
bias in the lightness task in Experiment 1 might be
specific to Japanese people, who use both right-to-left
vertical and left-to-right horizontal writing. Therefore,
in Experiment 2, the same tasks were performed by
European language speakers to examine the effects of
the languages’ writing practices on the two lighting
priors.

Methods
Participants

Figure 6. (a) Comparison of the averages of assumed lighting
directions in Experiment 1. Zero means no bias, and negative
values indicate a leftward bias. Error bars indicate SE.
(b) Scatter plot of individual lighting directions in both tasks.
The black line shows the linear ﬁt.

of the two tasks should be positively correlated (i.e.,
a participant showing a strong leftward bias in 3-D
shape perception would display the same in lightness
perception). However, the data did not support this
hypothesis (Figure 6b), and the correlation was not
significant (r = 0.050, p = 0.836).

Experiment 2
As previously mentioned, the writing/reading
direction of the observers’ main language (e.g. Hebrew
or English) was found to be a contributing factor to
their assumed lighting direction (Andrews et al., 2013).
Japanese is intermediate between Hebrew and English
in that its text is read and written either from left to
right (horizontal writing) or from up to down with
lines progressing from right to left (vertical writing).
In Japan, texts in novels, newspapers, comic books,
and the majority of magazines and books for general
readers are written vertically (and thus a page of a
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Experiment 2 was conducted in the Department of
Psychology at the University of Milano – Bicocca. It
used 22 naïve participants from the said university who
were 19 to 46 years old (M = 24.9, SD = 6.23, 18 women
and 4 men). All their first languages were European
(Italian, French, German, or English) except for one
participant who was proficient in Tagalog, Italian,
and English. All these languages use left-to-right
writing and reading. One participant reported writing
with their left hand. All participants had normal or
corrected-to-normal visual acuity. As described in the
Results section, two people were excluded from analysis
because of inconsistent responses. Consequently, the
final sample size (20) was the same as in Experiment 1.
Apparatus
A CRT monitor (LACIE Electron 22 blue II,
Mitsubishi Electric Corporation) with a 1600 × 1200
resolution was used. The monitor screen was 41 cm
wide and 31 cm high. A BM-7A (Topcon) was used
to measure stimuli luminance. Viewing distance was
fixed at 57 cm using a chin rest, and the experiment was
conducted on PsychoPy3 (Peirce, 2007, 2009; Peirce et
al., 2019). The participants performed the task in a dark
room without any light sources except the monitor.
Stimuli and tasks
The stimuli and tasks were virtually the same as
those in Experiment 1, with some minor differences.
First, because of the different pixel size of the monitor
used, the images were slightly larger: including the

Journal of Vision (2021) 21(6):1, 1–11

Kobayashi, Zavagno, & Morikawa

7

background, the honeycomb stimulus had a height and
width of 13.3 cm (13 cm in Experiment 1). The surface
stimulus image was 9.8 cm high and 14.8 cm wide (9.6
cm high and 14.2 cm wide in Experiment 1). The surface
stimulus pair was 12.3 cm apart (11.9 cm in Experiment
1). Second, the stimuli had lower luminance values: the
gray area in the 3-D shape task (the background and the
large body of the honeycomb stimulus) was 7.3 cd/m2 ,
and the surface stimuli were 2.3 cd/m2 on the gray
surface, 0.3 cd/m2 on the black grids, and 16.7 cd/m2
on the white edge. This difference in luminance was
due to the narrower luminance range of the monitor
used in this experiment. Third, the practice session was
conducted in the dark. Nevertheless, these differences
were trivial and unlikely to affect the leftward or
rightward bias of the light-from-above prior.

Results
Two participants were excluded. For one, the data
from the 3-D shape task could not be fitted with the
logistic regression model (pseudo R2 < 0.10) whereas
the other showed a strong concavity bias in the 3-D
shape task (she chose “concave” in 97.3% of all the
trials). Data from the remaining 20 participants were
analyzed. A small percentage of trials were excluded
from the 3-D shape task data because of interruptions
before stimulus presentations (less than 0.01% of all
trials).
Figure 7 shows the results. The directions extracted
from the 3-D shape and lightness tasks were
−15.0 degrees and 1.1 degrees, respectively (Figure
7a), showing a significant difference (t(19) = 4.48, p <
0.001, dav = 1.29). Again, a leftward bias was robustly
observed in the 3-D shape task (t(19) = 4.00, p <
0.001, dz = 0.89) but not in the lightness task (t(19) =
0.60, p = 0.555, dz = 0.13). The correlation among the
participants was not significant (Figure 7b; r = 0.329,
p = 0.156). These results replicated those of Experiment
1, confirming the independence of these two lighting
priors. The data of the two experiments were combined
and underwent a mixed-design analysis of variance
(shape/lightness × languages), and neither the main
effect of languages nor the interaction was found to be
significant (shape/lightness: F(1, 38) = 31.9, p < 0.001,
ηp 2 = 0.456; language: F(1, 38) = 1.70, p = 0.200, ηp 2 =
0.043; and interaction: F(1, 38) = 0.48, p = 0.493, ηp 2
= 0.012).
These analyses indicated that the results of the two
experiments were essentially the same. Therefore, the
lack of a leftward lighting bias for the lightness task
in Experiment 1 is not attributed to Japanese speakers’
vertical writing experience. Moreover, in Experiment
2, the leftward bias of European language speakers
was not stronger than that of Japanese speakers in
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Figure 7. (a) Comparison of averages of assumed lighting biases
in Experiment 2. Error bars indicate SE. (b) Scatter plot of
individual lighting directions in both tasks. The black line shows
the linear ﬁt.

both tasks, further reinforcing the irrelevance of
reading/writing direction.
The results of Experiment 2 clearly confirmed those
of Experiment 1. The difference between the two
lighting priors was observed even among European
language speakers. Taken together, these experiments
support the robust independence of these two priors.

Discussion
In Experiment 1, the two assumed lighting directions
for 3-D shape and lightness perception from each
participant were calculated and compared. The
lighting prior used in 3-D shape perception showed
a significant leftward bias, which is consistent with
previous studies (e.g. Andrews et al., 2013; Sun &
Perona, 1998). In lightness perception, however, the
lighting prior was almost directly overhead with no
leftward bias. Moreover, the two assumed lighting
directions did not correlate with each other; that is,
the individual differences in one prior did not explain
those in the other. These results were then replicated by
Experiment 2, whose participants only used languages
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written/read from left to right (European and Tagalog).
All the results of the present experiments support the
hypothesis that the priors used for 3-D shape and
lightness perception are independent of each other.
Studies have also suggested a difference in
illumination processing between 3-D shape and
lightness perception. Morgenstern, Murray, and Harris
(2011) showed that the addition of illumination cues
in the scene can alter convex/concave perception.
This finding suggests that the lighting prior used
for 3-D shape perception can be overridden by
visual illumination information. As for the lightness
perception, the effect of illumination has been
debatable. For example, Boyaci’s group (Boyaci,
Doerschner, Snyder, & Maloney, 2006; Boyaci,
Maloney, & Hersh, 2003) showed that the lightness
judgment varies in accordance with the target surface’s
orientation to the light source, whose position and
direction are indicated by highlights and shadows
of surrounding objects. However, Gilchrist (2018)
argued that Boyaci et al. (2003) results can be explained
by the relaxed coplanar principle (Gilchrist, 1977),
which hypothesizes that lightness is determined by
luminance ratios with surrounding surfaces, and this
effect is stronger as the surrounding surface becomes
more parallel to the target plane. This observation
suggests that the estimates of illumination need not be
considered explicitly to explain Boyaci et al. results.
In lightness studies, there have been discussions
regarding the role of illumination estimates (e.g.
Pont & Koenderink, 2007; Todorović, 2006; Zavagno,
Daneyko, & Liu, 2018); however, researchers’ opinions
are inconsistent. Therefore, whereas studies show that
the 3-D shape perception is certainly susceptible to
visual illumination cues, the lightness perception may
not. This suggests the different roles of illumination
information in these two visual processes.
We can only ecologically speculate why the visual
system holds two distinct lighting priors. Perhaps the
lighting prior for the 3-D shape perception needs to be
updated more rapidly than the one for the lightness
perception. Suppose you are running as fast as you can
over an uneven terrain either chasing prey or running
away from a predator. Misperceiving a bump on the
ground for a depression could result in fatal stumbling,
and the shading of the bump/depression varies from
hour to hour. To accurately perceive a shape, the visual
system must frequently update the lighting prior.
That may be why the lighting prior for the 3-D shape
perception is biased toward the left of vertical, which
may be caused by most people’s use of the right hand
for writing and manipulation (Sun & Perona, 1998). By
contrast, changes in the perceived lightness caused by
the sun’s direction are more subtle, more gradual, and
seldom fatal. Therefore, for the lightness perception, the
visual system may fall back on the default lighting prior
(i.e., directly overhead).
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Adams et al. (2004) work is highly relevant to
the current study. Their Experiment 2 used the
“cocktail-stick” stimuli, and the results showed that
the upward-facing side of a convex object appeared
darker in pigment than the downward-facing side of
the same luminance. These findings are similar to the
lightness inversion effect demonstrated by Kobayashi
and Morikawa (2019), except that the former was
contingent upon the convexity of the stimulus and
the latter was not. In particular, Adams et al. (2004)
reported that cross-modal adaptation with haptic
stimuli shifted the orientation of lighting priors for
both convex/concave shape judgments and lightness
judgments. At the first glance, their results may imply a
common lighting prior for shape and lightness, thereby
contradicting our results. However, their findings are
not necessarily inconsistent with the present study
because separate lighting priors for the shape and
lightness perceptions may be independently susceptible
to haptic influences. This speculation is supported
because a haptic feedback is sufficiently powerful to
change the visual perception when visual stimuli are
ambiguous (Ernst, Banks, & Bülthoff, 2000; Wijntjes,
Volcic, & Pont, 2009). Furthermore, because Adams et
al. (2004) used convex objects for lightness judgments,
their lightness perception task may have included a
factor of the convex/concave shape perception unlike
the present experiments. Therefore, Adams et al.
(2004) results are highly relevant to but not necessarily
inconsistent with the current findings.
Unlike the present study, Adams (2007) found a
positive correlation between the assumed lighting
directions from the 3-D shape perception task and a
reflectance judgment task. The discrepancy with our
results seems to stem from the different characteristics
of our lightness perception task and her reflectance
judgment task. Although both tasks focused on surface
tone, their requirements were substantially different;
whereas we simply asked participants to choose a
darker surface, Adams’s task required determining
which of two three-sided objects appeared to be
uniformly colored with the same pigment. The objects
in Adams’s experiment were explicitly illuminated, and
illumination interpretation was necessary to perform
the task, thus producing results different from those
of the present study. Our results clarified the lighting
prior used in lightness perception in the absence of
illumination cues.
Moreover, Adams (2007) reflectance-judgment
task was contingent upon the perception of the
convexity of the tetrahedrons. Although Adams added
a piercing ring to the stimuli to strengthen their convex
appearance, its effectiveness was not guaranteed. For
example, when the tetrahedron was lit from below (i.e.,
the bottom surface is brighter), the object could be
considered concave despite the ring, as in her Figure
1(c) right. Therefore, her task included a factor of
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shape from shading similar to the other two tasks
(i.e., visual search and shape perception). Moreover,
the explicit illumination cues used in her study may
have imposed some constraints on the range of the
estimated direction of the light source. Therefore, all
the three tasks may have involved common processing,
and the reflectance-judgment task may have been
subjected to the same constraints as the lighting
prior in visual search and shape perception. Then, as
anticipated, Adams (2007) found positive correlations
among the three types of measurement. By contrast,
the present study’s reflectance-judgment task did not
involve convexity/concavity issues or illumination cues.
Therefore, the assumed light direction was probably
measured in a constraint-free manner. This may be why
the present study’s results are different from those of
Adams.
The inversion effect in lightness (see Figure 1) is
relatively weak. Figure 1 shows a smaller difference in
perceived lightness than conventional lightness illusions
such as simultaneous lightness contrast or White’s
effect (White, 1979). Such weakness might suggest the
diffuseness of assumed lighting for lightness perception
because diffuse lighting would cause a smaller
difference in illuminance between upward-facing and
downward-facing surfaces than a point light source.
Although previous studies have shown that natural
lighting is often diffuse and directional (Morgenstern,
Geisler, & Murray, 2014), we do not yet know how
diffuse the lighting priors for the 3-D shape and
lightness perceptions are. The diffuseness of assumed
lighting has not attracted as much attention as its
direction; however, it is also worth investigating (Langer
& Bülthoff, 2000; Morgenstern, Geisler, & Murray,
2015; Murray & Adams, 2019; Stone, Kerrigan, &
Porrill, 2009; Xia, Pont, & Heynderickx, 2017a, 2017b,
2017c).
The current findings have theoretical implications
for the levels of lightness and 3-D shape processing.
Numerous studies have shown that the lighting prior
for the 3-D shape perception is modified by experience
(Adams et al., 2010; Kerrigan & Adams, 2013; Stone,
2011; Stone & Pascalis, 2010; Thomas et al., 2010),
which suggests that the 3-D shape perception is a
relatively high-level process. On the other hand, our
results show that the lighting prior for the lightness
perception is independent of that for the 3-D shape
perception. However, very few studies have examined
whether the lighting prior for the lightness perception is
modified by experience (Adams et al., 2004). If it is not,
the lightness perception may be a mid-level process,
which is lower than the 3-D shape perception (Gilchrist,
2006; Kobayashi & Morikawa, 2019). Further research
would clarify the relative levels of lightness and 3-D
shape processing.
Because the inversion effect in lightness is a relatively
new phenomenon, not much is known about its
mechanism. It is possible that some low-level features
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in images may also contribute to the inversion effect of
lightness (Kobayashi & Morikawa, 2020), which would
corroborate the present findings in that the process
underlying the inversion effect is not the same as that of
the shape-from-shading phenomenon. Future research
must further investigate and explain the mechanism that
causes this vertical asymmetry of lightness perception.

Conclusions
This study investigated whether the perceptual
processes of the 3-D shape and lightness share a
common lighting prior or use independent priors. The
two experiments revealed a substantial and robust
difference between the two assumed lighting directions
obtained from the 3-D shape and lightness perception
tasks, thereby supporting the independent-priors
hypothesis.

Supplement
The data, stimuli, and Python codes used for analyses
are available at: https://doi.org/10.17605/OSF.IO/
AKNJ2.
Keywords: light-from-above prior, lightness/brightness,
shape from shading, illusion, illumination
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Footnote
1
In this paper, dz and dav are reported as the effect sizes of t tests based on
Lakens (2013).
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