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Abstract

Color-graphemic synesthetes perceive colors when viewing alphanumeric characters. Theories of
color-graphemic synesthesia posit that synesthetic color experience arises from activation of neural
mechanisms also involved in ordinary color vision. To learn how early in visual processing those
mechanisms exist, we performed several experiments. In one experiment, real colors were altered in
appearance by the lightness of their backgrounds, but the appearance of synesthetic colors was
immune to surrounding light levels. In the second experiment using a hue cancellation technique,
adaptation to synesthetic color had no subsequent effect on the amount of canceling light to achieve
equilibrium yellow, whereas adaptation to real colors did. In the third experiment, vivid synesthetic
color had no influence on equilibrium yellow settings of the actual color of the characters evoking
synesthesia. Because brightness contrast and chromatic adaptation are putatively mediated by neural
mechanisms early in visual processing including retina and primary visual cortex, our results imply
that neural events responsible for synesthetic color emerge subsequent to these early visual stages.
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INTRODUCTION

Individuals with color-graphemic synesthesia perceive vivid color when viewing alphanumeric
characters. For example, L.R., a color synesthete who has participated in many of our studies,
always sees the letter ‘A’ as a highly saturated red and “D” as bright green regardless of the
actual colors of the ink in which those letters are printed. L.R.’s synesthetic color experiences,
like those of other color-graphemic synesthetes, are very specific and highly reliable in hue
and brightness (Harrison &Baron-Cohen, 1997; Mattingley, Rich, Yelland & Bradshaw,
2001). This invariance of synesthetic color experience for a given individual makes it possible
to study the impact of synesthetic colors on performance of perceptual/cognitive tasks. Indeed,
on a variety of psychophysical tasks, including visual search (Ramachandran & Hubbard,
2001a; Smilek, Dixon, Cudahy & Merikel, 2001; Palmeri, Blake, Marois, Flanery & Whetsell,
2002)1, visual masking (Ramachandran & Hubbard, 2001b; Hubbard, Arman, Ramachandran
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& Boynton, 2005), and perceptual grouping (Kim, Blake & Palmeri, 2006; Ramachandran &
Azoulai, 2006), synesthetic colors behave like real colors.

Complementing these findings are studies identifying brain areas activated during synesthetic
color experiences. These studies show that synesthetic color experience is accompanied by
neural activation in visual areas V4/V8 (Hubbard, Arman, Ramachandran & Boynton, 2005;
Sperling, Prvulovic, Linden, Singer & Stirn, 2006), brain areas implicated in normal color
vision (Zeki & Marini, 1998; Hadjikhani, Liu, Dale, Cavanagh & Tootell, 1998; Bartels &
Zeki, 2000). It is uncertain, however, whether neural events earlier in the color processing
stream contribute to color synesthesia. This possibility is not far-fetched, given the extensive
feedback from higher visual areas including VV4/V8 to primary visual cortex (Rockland, Saleem
& Tanaka, 1994; Bullier, 2003) and, for that matter, from primary visual cortex to the lateral
geniculate nucleus (Sillito & Jones, 2003). To address the possible involvement of early visual
processes in color synesthesia, we have assessed the susceptibility of synesthetic color
appearance to contextual influences attributable to neural circuitry in the very earliest stages
of visual processing.

Besides being governed by the light reflected from object surfaces, color appearance is also
influenced by the spatial and temporal context in which an object is viewed. Hue and brightness
are affected by nearby light (chromatic/brightness induction) and by prior exposure to
chromatic light (short-term chromatic adaptation). Neural mechanisms underlying these
contextual influences on perception of hue (von Kries, 1905; Jameson & Hurvich, 1972;
Walraven, 1976; Shevell, 1978; Jameson, Hurvich & Varner, 1979; Shevell, 1982) and
brightness (Ratliff, 1965; Wyszecki, 1986; Shevell, 1986; Palmer, 1999; Boyaci, Fang, Murray
& Kersten, 2007) can be traced to early stages of the visual pathway, including the retina and
primary visual cortex. Do these mechanisms also influence the appearance of synesthetic
colors?

GENERAL METHODS

Apparatus

Observers

All stimuli were generated using MATLAB (Mathworks, MA) in conjunction with the
Psychophysics Toolbox (Brainard, 1997; Pelli, 1997), and presented on an accurately
calibrated Mitsubishi color display (Diamond Pro 2020u). Spectral power distributions of the
red (R), green (G) and blue (B) phosphors were measured using a spectroradiometer (Ocean
Optics, Model OOIBase 32). The relative light level of each gun at every digital value (256;
28 levels) was measured with a Minolta colorimeter (model CA-100). These values were saved
in a lookup table. The pixel resolution of the color CRT was 1024x768 pixel and its refresh
rate was 120 Hz non-interlaced. In all experiments, observers viewed the monitor binocularly
from a distance of 95 cm, with the head stabilized by a head-and-chin rest.

Four individuals (L.R. and K.E.D. were female) with color-graphemic synesthesia participated
in these experiments. All four individuals see their synesthetic colors on the surface of the
inducing characters, not “in their mind’s eye.” This aspect of their synesthetic experience
classifies them as “projectors” and not “associators” (Dixon, Smilek & Merikle, 2004).
Repeated measurements using a computer-based, color-matching procedure (Eagleman,
Kagan, Sagaram & Sarma, 2007) confirm that the synesthetic color experiences for each
individual are highly consistent over time, with specific associations between colors and
alphanumeric characters varying among the four. Two of the four observers (L.R. and W.0.)
were confirmed trichromats, as evidenced by their performance on a modified version of the
100-hue test. The other two observers (K.E.D. and T.W) described experiencing no difficulties
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with color discrimination, but we did not have an opportunity to evaluate their color vision
formally. The consistency of their performance in experiments 2 and 3 (involving repeated
settings of red/green values to achieve equilibrium yellow), strongly imply that they are not
dichromats.

EXPERIMENT 1

In the first experiment, brightness? of a synesthetic color was measured as a function of the
light level of the surrounding context. Brightness of a visual stimulus is highly dependent on
the light level of its surrounding context as well as light level of the stimulus itself. With a
simple stimulus configuration (e.g. a small target patch within a large uniform surround), target
brightness (within limits) is inversely related to the surround’s light level, the induction effect
known as brightness contrast. For years it was widely accepted that brightness contrast arose
from lateral inhibition, perhaps embodied in center-surround receptive fields of neurons in
early stages of visual processing (Ratliff, 1965;Wyszecki, 1986;De Valois, Webster, De Valois
& Lingelbach, 1986;Shevell, 1986;Palmer, 1999). More recently, however, simultaneous
contrast illusions dependent on global scene properties have challenged the view that low-level
visual mechanisms alone determine perceived lightness/brightness (Adelson, 2000).
Consequently, it is now acknowledged that the neural concomitants of these illusions arise
from the combined operation of mechanisms at multiple levels of processing, including the
retina and primary visual cortex. For our work, we used a very simple stimulus configuration
devoid of 3D cues that support natural scene interpretations of the configuration (see Witthoft
& Winawer, 2006, for possible influences on synesthesia of lightness illusions dependent on
high-level scene interpretations).

Stimuli and Procedure

The experimental design is illustrated in Fig. 1a. For each observer we selected two alphabetic
characters that evoke highly saturated synesthetic colors. Then, we obtained the chromaticity
values that were equivalent to the synesthetic colors for both of those characters using a
conventional color matching procedure. For these measurements, the backgrounds for the test
target (alphabetic character, 1-deg height, about 8-min line width) and for the matching target
(a 1-deg circle) were identical; both backgrounds were 5 deg, uniform fields metameric to
equal-energy-spectrum ‘white’ (EES, x = 0.33 and y =0.33 in Judd (1951)) at 30 cd/m?2. The
test targets were also EES at 8 cd/m2. Observers used a game pad to adjust the hue, saturation
and brightness of the matching target exactly matched the appearance of the synesthetic color
of each of the two test targets, i.e., the alphabetic characters. These values, transformed to Judd
CIE chromaticity values, are shown in Fig. 1b.

In one condition, the brightness of the synesthetic color for a given inducing letter was
measured by asymmetric matching, in which the luminance of the background for the inducing
letter (test target) was systematically varied from 10 to 30 cd/m? while the luminance of the
background of the matching field was fixed at 30 cd/m?2. The luminance of the inducing letter
(EES) was fixed at 8 cd/m?2. Because the letter itself appeared colored in virtue of synesthesia,
we call this the synesthetic color condition.

In a control condition, brightness matches to real colored symbol (& for observer L.R., K.E.D.
and W.0O., $ for observer T.W.) were obtained using exactly the same procedure as that
described above. In this condition, a symbol was displayed with real color whose chromaticity
value matched that associated with a given synesthetic color, as defined by the matching
procedure.

2Here we use the term “brightness” rather than “lightness” because our experiments were performed on a video monitor where the test
targets were defined by emitted light, not reflected light (Palmer, 1999; Adelson, 2000).
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Results and discussion

Average brightness settings for synesthetic color and real color as a function of background
light level are shown in Fig. 2. In each panel, squares represent the matched luminance of
synesthetic colors (letters displayed in EES “gray’) and circles represent the matched luminance
of real colors (symbols displayed in real color). For all four observers, the matched luminance
for real colors decreased with increasing luminance of the surrounding background. In contrast,
matched luminance of synesthetic colors did not systematically vary with background
luminance. The brightness of synesthetic color experiences, in other words, is immune to
brightness contrast, implying that the neural events generating synesthetic color experience
arise at a level of visual processing beyond that at which simultaneous contrast effects arise,
at least for these relatively simple stimulus configurations.

Hubbard, Manohar & Ramachandran (2006) found that synesthetic color appearance changes
when the actual contrast of the inducing letter is low. We did not observe appearance changes
with contrast in our study, but our contrast levels are relatively high (the smallest being 22%
Weber Contrast) compared to those found by Hubbard et al. (2006) to be dependent on contrast.

EXPERIMENT 2

The second experiment tested whether exposure to synesthetic color subsequently affects
perception of real color. It is well known that short periods of exposure to a chromatic light
can alter perceived color, a phenomenon called short-term chromatic adaptation. For example,
exposure to a light appearing reddish shifts the color appearance of subsequently presented
light, the result being that a light appearing yellowish before adaptation appears more greenish.
Appearance shifts produced by short-term chromatic adaptation are adequately explained by
a two-process model (Jameson & Hurvich, 1972; Jameson, Hurvich & Varner, 1979) that
incorporates gain changes in cone receptors and in opponent mechanisms. Can prolonged
exposure to a synesthetic color induce a temporary shift in the perceived color of a real
chromatic light? To answer this question we required observers to perform a visual search task
in which they inspected an array of identical letters (“distractors”) until they found and
indicated the location of a different letter (“targete™). This search task continued for five
minutes, allowing us to measure the effect on real color perception of exposure to a field of
synesthetic color for an extended period of time. The influence of exposure to a synesthetic
color on real color was measured using a modified ‘hue cancellation” technique (Hurvich &
Jameson, 1957; Malkoc, Kay & Webster, 2005).

Stimuli and Procedure

To implement the hue cancellation technique, four physically identical, 1-deg squares were
presented against a black background, equally spaced around a central fixation cross (Fig. 3a).
The squares were composed of two chromatic lights, one that appeared reddish and another
that appeared greenish. The luminance of the light appearing reddish was fixed at 6 cd/m? and
observers adjusted the luminance of the light appearing greenish to make the squares appear
neither reddish nor greenish (an appearance referred to equilibrium yellow). Observers were
free to move their eyes while making a setting. Note that with this procedure overall luminance
of the test squares will vary as the green component is varied, but other work shows that
perception of unique yellow does not change depending on light level (Larimer, Krantz &
Cicerone, 1974).

To begin a session, the synesthetic observer made five independent settings of equilibrium
yellow; these provided baseline settings in the absence of any chromatic adaptation. Next, the
observer experienced five minutes of adaptation to a synesthetic color or to a real color during
which the observer performed a visual search task that used two alphabetic characters that
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induced the same synesthetic experience; one character constituted the target letter and the
comprised the array of distractor letters in which the target was embedded. So, for example,
synesthetic observer LR searched for an M among arrays of G’s: for LR both letters evoke the
synesthetic experience of saturated red. For each observer we selected a pair of letters that
appeared red (these target and distractor letters differed, of course, among observers because
not all our observers have the same letter/color associations). The multiple distractor characters
were distributed throughout four quadrants defined by thin vertical and horizontal lines, and
the single target letter appeared randomly within one of those quadrants (Fig. 3b). The observer
indicated which quadrant contained the target by pressing one of four pre-assigned buttons,
performing the search task as quickly and accurately as possible.

Each of the four quadrants contained 16 distractor letters (width: 0.8 deg, height: 1.2 deg, line
width: 8 min), producing a total of 64 distractors throughout the array; only one quadrant
contained the target letter, and its dimensions were the same as the distractors. We created
multiple exemplars of these arrays, with the target letter and the distractor letters varied in
location. A new array of the letters was presented following the observer’s button press, with
a 0.3-second inter stimulus interval (ISI) during which only the lines dividing the screen into
four quadrants were present. On average, observers took about 2 seconds per array to perform
this task, which means they received on average about 4.3 minutes of adaptation for a given
condition. Observers naturally moved their eyes around the four quadrants to locate the target,
and this should minimize local color adaptation at specific retinal locations that could occur if
eye fixation were steady.

In a pilot experiment performed on non-synesthetic observers searching through arrays of red-
colored characters, we confirmed that performing the search task for five minutes using these
arrays of colored letters was sufficient to produce pronounced shifts in the R/G setting yielding
equilibrium yellow. For three non-synesthetic observers tested. the R/G settings for equilibrium
yellow shifted, on average, 27% after adaptation. We are confident, therefore, that the
conditions of adaptation experienced by our synesthetic observers are sufficient to produce
adaptation if, in fact, the red associated with the target and distractors behaves like real red-
colored letters.

In the synesthetic neutral condition, observers performed the search task with the achromatic
target and distractor letters displayed in EES at 8 cd/m2. In the synesthetic congruent condition,
those letters were actually colored reddish (pinkish for WO) to match their synesthetic color
experience, as determined by the chromaticity values obtained in the previous experiment. In
the synesthetic incongruent condition, the letters were actually colored green, with the
particular value of green selected from their palette of synesthetic colors. Chromaticity values
used for congruent and incongruent conditions are shown in Table 1. Following each condition
the observer rested for at least 30 min to allow recovery from any lingering adaptation from
the previous adaptation period. We confirmed recovery by always measuring equilibrium
yellow settings before starting a new condition, requiring that those settings be equivalent to
those measured in the baseline condition.

Results and discussion

Shown in Figure 4 are the R/G ratios required to achieve equilibrium yellow (fixed R-value 6
cd/m? over G-value setting) in the baseline condition and in each of the adaptation conditions.
Planned orthogonal contrasts were used to compare the various conditions. Chromatic
adaptation was effective when observers were exposed to real colors during the adaptation
period (Fig. 4a, replicating the findings obtained with non-synesthetic observers in our pilot
experiment). For three observers (L.R., K.E.D. and T.W.), equilibrium yellow settings were
significantly different between synesthetic congruent and incongruent conditions, indicating
short-term chromatic adaptation to real color (obs. L.R., F(1,16) = 21.33, p < 0.001; obs.
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K.E.D., F(1,16) = 27.28, p < 0.001; obs. T.W., F(1,16) = 15.68, p < 0.01). Observer W.O. also
showed differences in his settings for these conditions, but those differences failed to achieve
statistical significance (F(1,16) = 1.17, p > 0.05) owing to the overall large variability in his
settings.

Of particular relevance, none of the four observers showed a statistically significant difference
in R/G ratios between the baseline condition and the synesthetic neutral condition (Fig. 4b,
obs. L.R., F(1,16) = 0.05; obs. K.E.D., F(1,16) = 0.92; obs. W.O., F(1,16) = 0.12; obs. T.W.,
F(1,16) = 0.31). Adaptation to a synesthetic color did not alter the balance of neural activity
produced by viewing real color mixtures, even though synesthetic color was presented in an
adaptation regime that produced reliable shifts in color mixtures following adaptation to real
colored items. We note that TW’s R/G settings are considerably different from those of the
other three observers, in a direction indicating that he requires less green light to achieve
equilibrium yellow (this is also evident in TW’s results in the next experiment). This suggests
that TW might be an anomalous trichromat. We are confident that TW is not a dichromat
because his R/G settings are highly consistent unlike the settings produced by dichromats
(Kaiser & Boynton, 1996).

One could argue that color adaptation produced by prolonged exposure to an array of colored
letters does not engage the same neural mechanisms as does adaptation produced by exposure
to a uniform, colored field, the conventional stimulus used in chromatic adaptation
experiments. Indeed, it is true that the spatial frequency content of these two kinds of displays
is different, with the amplitude spectrum for a letter array being more complex than that for a
uniform patch of color. While it is true that the magnitude of chromatic adaptation can vary
with spatial frequency (Stromeyer, Kranda & Sternheim, 1978), there is no evidence that the
mechanisms of chromatic adaptation are different — the cones and the neurons with chromatic
opponency are still being stimulated by spectral light. Indeed, it would be peculiar from an
ecological standpoint for visual scenes with complex spatial frequency spectra somehow to
bypass mechanisms susceptible to chromatic adaptation in the retina and early stages of visual
processing. We realize that the absolute magnitude of chromatic adaptation might be different
had we not used arrays of colored letters, but it is still the case that real colored letters produce
marked shifts in equilibrium yellow while synesthetically colored letters did not. The critical
difference, we contend, is the absence of activation in chromatic visual mechanisms,
presumably in early stages of vision, when synesthetic colors are being experienced.

From other work (Blake, Palmeri, Marois & Kim, 2005) we know that synesthetic colors can
induce the McCollough effect (McCollough, 1965), an orientation-contingent color aftereffect.
There is disagreement concerning the neural site of the McCollough effect, but there is no
reason to believe it transpires as early in visual processing as color adaptation producing
temporary shifts in the red/green null point. So our results are not inconsistent with the finding
that synesthetic colors induce a McCollough effect.

EXPERIMENT 3

This final experiment tested three of our synesthetic observers on a task designed to learn
whether the presence of synesthetic color affects perception of real color as revealed in
equilibrium yellow settings; observer K.E.D. was not available to participate in this final
experiment. Hue cancellation, the procedure described in Experiment 2, was used to measure
real color appearance in the presence of letters that evoke synesthetic colors. Instead of the
four-square target used in Experiment 2, the target was one of three characters presented against
ablack background: an alphabetic character that evoked a reddish color, an alphabetic character
that evoked a greenish color, and a non-alphanumeric symbol that did not evoke any synesthetic
color experience. The size of the letter (symbol) was 4 deg by 4 deg, with various line width
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depending on the letter (font: Arial Black). As in the previous experiment, observers adjusted
the R/G ratio until the character appeared neither reddish nor greenish. If synesthetic color
affects perception of real color, the equilibrium yellow settings for the letter evoking reddish
synesthetic color should differ from the neutral settings for the letter evoking greenish
synesthetic color. Based on color opponency, we would predict that the R/G ratio for the letter
evoking synesthetic red would be lower than the ratio for the letter evoking synesthetic green
because the former, with synesthetic red, should require more light that appears greenish to
achieve equilibrium yellow than the latter with synesthetic green.

The R/G ratios producing equilibrium yellow are shown in Figure 5. The horizontal axis
represents the target letter used for the equilibrium yellow settings (“Symbol” refers to a non-
alphanumeric character that does not induce synesthetic color experience; “RED” refers to a
letter that induces a reddish synesthetic experience; “GREEN” refers to a letter that induces a
greenish synesthetic experience.) For none of the three observers were the R/G settings with
the synesthetic color ‘red’ significantly different from the R/G settings with the synesthetic
color ‘green’. Moreover, the variances associated with these settings were comparable,
suggesting that any adaptation occurring during individual trials was minimal and constant
across conditions. It is unlikely, for example, that observers were differentially adapted to red
or to green during the course of the equilibrium setting. Moreover, all individual trials started
with the R/G values set close to equilibrium yellow, such that observers spent relatively little
time viewing the displays while making their adjustments.

Evidently, then, synesthetic color experience has no influence on real color perception. This
result does not necessarily imply that synesthetic colors are not organized in a color-opponent
fashion and, indeed, there is some evidence for such a conclusion (Nikolié, Lichti & Singer,
2007). Our results do indicate, however, that any opponency in the mechanisms evoking
synesthetic colors must arise after the neural site at which equilibrium yellow, as determined
by the R/G value, is represented.

Observer L.R. showed a significant difference in the R/G ratio when there was no synesthetic
color (symbol target) compared to when there was synesthetic color (letter targets). This result,
however, cannot be accounted for by opponent color mechanisms because the R/G ratio with
no synesthetic color was lower than the R/G ratio with both synesthetic color ‘red” and ‘green’.
Settings of equilibrium yellow were not significantly different among the three conditions for
the other two observers (obs. W.O., F(2,12) = 0.18; obs. T.W., F(2,12) = 1.49). It s interesting
to note that the pattern of individual differences in R/G values is identical to that observed in
Experiment 2 (compare neutral conditions for LR, WO and TW in Figure 4 and Figure 5) even
though the two experiments employed rather different stimuli for the R/G settings (four squares
in one case and one large letter in the other).

DISCUSSION

Much of the recent work on color-graphemic synesthesia, including work out of our laboratory,
has focused on the perceptual equivalence of real and synesthetic colors. Results from that
work has led to the quite reasonable conclusion that synesthetic colors are evoked by neural
mechanisms that are also involved in real color perception, a conclusion substantiated by brain
imaging studies (Hubbard, 2007). Of course, synesthetic colors arise consequent to the
presence of alphanumeric characters and not other spatial forms, implying the existence of
connections between higher brain areas involved in orthographic processing and color
processing mechanisms. There are different accounts of how those interconnections come to
exist and how they trigger synesthetic colors (see Hubbard, 2007, for a nice overview of those
alternative positions). All, however, appeal to activity within brain structures involved in the
analysis of color, structures present in all color-normal individuals.
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Surely, however, those chromatic mechanisms activated by the appearance of letters do not
stretch back to the earliest stages of vision. No one believes, for example, that patterns of
activity in the three cone types of a synesthetic individual vary systematically when that
individual views different achromatic letters, even though those letters evoke dramatically
different color impressions. Nor does it seem plausible that midget ganglion cells in the retina,
an important substrate in color perception, carry signals that relate directly to synesthetic
experiences — there are no known feedback pathways from higher visual stages to the retina to
support such arole. So, how far up the hierarchy of areas comprising the visual pathways must
we travel before encountering neural events associated with synesthesia?

Our results do not directly answer that question, but they do place lower boundaries on
candidate structures. Specifically, we now know that the brightness of synesthetic colors,
unlike real colors, are immune to effects of the surround light level, as indicated by the absence
of simultaneous brightness contrast, and we know that previous and simultaneous exposure to
synesthetic colors, unlike real colors, does not affect the perception of real color. These negative
results were found despite the fact that the synesthetic colors evoked in each of our three
experiments were quite vivid; indeed, using real colors matched in quality to the synesthetic
colors produced strong brightness contrast and potent color adaptation. We conclude, therefore,
that the earliest neural concomitants of color experiences associated with viewing
alphanumeric characters are to be found in extra-striate visual areas, beyond the early
processing stages generally thought to mediate contrast and adaptation effects in color vision.
This tentative conclusion is based, of course, on studies of people whose synesthetic
experiences are projected onto the stimuli that evoke those experiences. It may well be that
other classes of chromatic synesthesia, including those who see colors in their mind’s eye,
possess a different neural nexus triggering the experience of colors. Indeed, very recent work
using anatomical tracing techniques points to significant differences in connectivity patterns
between synesthetes who see their colors in the world compared to those who see colors in
their mind’s eye only (Rouw & Scholte, 2007). Whatever those connectivity patterns may be,
our results make it unlikely that those connections stretch back to primary visual cortex.
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MATCHING FIELD

02 04 06 08

(@) An example of stimulus configuration for asymmetric color matching. (b) Chromaticity
values (Judd, 1951), measured by color matching, for each character used in Experiment 1.
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Matched target luminance as a function of surround luminance. Horizontal axis represents the
luminance of the EES surround and the vertical axis represents the matched luminance of the
target. Squares represent the brightness of the targets inducing synesthetic color experience
(letters). Circles represent the brightness of the targets that do not induce synesthetic color

experience (symbols).
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Figure 3.
(a) A schematic of stimulus configuration for hue cancellation (Experiment 2). (b) An example
of stimulus configuration for adaptation to synesthetic colors (see text).
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Figure 4.

R/G ratio to achieve equilibrium yellow. (a) R/G ratio for equilibrium yellow after adaptation
to a synesthetic color written in real color. In congruent condition (dark gray bar), the letters
were written in reddish color, and in incongruent condition (light gray bar), the letters were

written in greenish color. (b) R/G ratio for equilibrium yellow before adaptation (Pre-Match,
black bar) and after adaptation to a synesthetic color written in EES gray (Neutral, white bar).
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Figure 5.

R/G ratio to achieve equilibrium yellow for the targets that induced no synesthetic color
(Symbol, black bar), induced synesthetic color ‘red’ (RED, white bar) and induced synesthetic
color ‘green’ (GREEN, gray bar).
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Table 1
Chromaticity values used in Experiment 2.
Observer Congruent Color Incongruent Color
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