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METHOD

Response times at threshold (Fig. S1)
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Figure S1. Response times at threshold. The x-axis represents hue along the DKL-circle in azimuth degree, the y-axis response times
of observer CW in the preliminary JND measurements. Each of the four panels show the response times at an example test color,
which is at O degree (panel a), 90 degree (b), 180 degree (c), and 270 degree (d). Each triangle refers to a trial of an azimuth-
increasing (red) or azimuth-decreasing (green) staircase. The vertical black line indicates the hue of the test color, the colored dashed
lines 1 JND, and the colored solid lines 2 JNDs for either hue direction. Note that beyond 2 JNDs response times are much less varia-
ble and are about stimulus offset time (500ms) for all test colors. These observations are discussed in the sections “Stimuli”, “Response
times and JND measurements”, and “Task sequence and task demands” of the main article.

Individual differences of stimulus pairs (Fig. S2)

Figure S2 complements Figure 3.c in the main article.
These figures illustrate individual differences in categoriza-
tion, discrimination, and equally discriminable color pairs
(for further details on individual differences see Witzel &
Gegenfurtner, 2013, p. 6-15). Figure 3.c in the main article
shows the individual categories in DKL space. Panel a of
this Figure S2 illustrates individual differences in the sensi-
tivity to color differences in DKL space. In this graphic,
DKL-space is divided into 10 parts that contain an equal

Witzel & Gegenfurtner (2015)

number of ]NDs. Panel ¢ shows categories in relative JND-
space (for explanations of relative JND space see section
“Main Results: Category effects” in the main article). Due
to individual differences in the total number of JNDs, abso-
lute JND space would result in different lengths of the axis
of JND space for each individual. Relative JND space allows
to align the axes of each individual for illustration purpos-
es.
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Figure S2. Interindividual differences in sensitivity and stimulus
pairs. In both panels, rows along the y-axis correspond to partic-
ipants, and the last row to the aggregated data (agg), as in the
corresponding Figure 3.c of the main article. Panel a illustrates
the variation of sensitivity in DKL-space. The x-axis represents
hue in azimuth degree as in Figure 3.c. The isoluminant circle of
DKL-space is divided in ten sections that are equally large in
terms of JNDs. These sections are represented as alternating
grey and white areas. Panel b illustrates categories and stimulus
pairs in relative JND-space. The x-axis corresponds to hue in
relative JND-space, specified in percent of the overall hue circle.
Apart from that format as in Figure 3.a & c. Note the differences
between the individual observers. The way in which categories
differ between Figure 3.c and panel b of this figure depends on
the variation of sensitivity illustrated in panel a. While equally
discriminable color pairs for each observer have different sizes in
DKL-space, they have the same size in relative JND-space
(panel b). Across observers the size of the stimulus pairs slightly
differs in relative JND-space depending on each observers over-
all sensitivity (panel b).
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Colorimetric specifications of stimuli
Chromaticity diagram (Fig. S3)

Chromaticity coordinates
of equally discriminable stimuli

06
G ) .
nat
O ® v
"
.
= 04} b .
. BG o
9] + 00
B L ]
i~ .
037t ] . o *
O@u e O O
Pu Pi
Dz 1 1 1 1 ]
0z 0.25 0.3 035 0.4 0.45
¥

2 Center L Boundary & Transitional

Figure S3. Chromaticity diagram of equally discriminable stimuli.
X- and y-axes refer to the chromaticity coordinates x and vy, re-
spectively. The + refers to the chromaticities of the grey back-
ground (“BG”), the white disks to those of the stimuli of the cen-
ter pairs (“Center”), and the black disks to those of the boundary
and transitional pairs (“Boundary & Transitional”). The letters
close to the coordinates of the center pairs correspond to the
initials of the respective color names (e.g. G = Green; cf. Figure
3.a). The coordinates correspond to those given in Table S1.
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. Color 1 Color 2

Category Symbol Pair type i X y azi X y

Background (BG) - - - 0.3127 0.3476 - - -
Pink (Pi) ° Pink-orange transitional 0.3 0.3783 0.3151 9.3 0.3879 0.3318
° Pink-orange boundary 9.3 0.3879 0.3318 17.7 0.3961 0.3491
° Orange-pink transitional 17.7 0.3961 0.3491 25.5 0.4029 0.3671
Orange (O) Orange center 29.3 0.4059 0.3765 38.2 0.4114 0.3995
° Orange-yellow boundary 49.0 0.4151 0.4290 60.3 0.4145 0.4609
Yellow (Y) o Yellow center 61.6 0.4141 0.4644 72.9 0.4071 0.4944
° Yellow-green boundary 73.0 0.4071 0.4945 85.9 0.3913 0.5223
Green (G) o Green center 125.7 0.3071 0.5263 144.8 0.2685 0.4850
Green-blue transitional 174.3 0.2349 0.4035 186.6 0.2303 0.3717
° Green-blue boundary 186.6 0.2303 0.3717 198.4 0.2301 0.3447
° Blue-green transitional 198.4 0.2301 0.3447 214.0 0.2347 0.3147
Blue (B) o Blue center 212.4 0.2340 0.3174 | 228.6 0.2427 0.2927
Blue-purple transitional 226.1 0.2411 0.2961 241.4 0.2519 0.2780
° Blue-purple boundary 241.4 0.2519 0.2780 254.6 0.2631 0.2669
Purple-blue transitional 254.6 0.2631 0.2669 266.7 0.2743 0.2602
Purple (Pu) Purple center 268.2 0.2757 0.2596 280.2 0.2879 0.2564
Purple-pink transitional 275.1 0.2826 0.2574 | 289.4 0.2975 0.2560
° Purple-pink boundary 289.4 0.2975 0.2560 | 310.0 0.3203 0.2614
Pink-purple transitional 310.0 0.3203 0.2614 | 335.0 0.3493 0.2804
Pink (Pi) Pink center 323.4 0.3358 0.2698 344.9 0.3608 0.2920

Table S1. Chromaticitiy coordinates of the aggregated equally discriminable stimuli for the second group. “Category” refers to the cate-
gory membership of the stimuli, “Symbol” to the symbol in Figure 3 and Figure S2, “Pair type” to the type of color pair, “azi” to azimuth

in DKL-space in degree, “x” and “y” to (computed) Judd-corrected chromaticity coordinates. Luminance of all colors was computed as
30.05 cd/m?, and about 28 cd/m? when measured on the screen. The chromaticity coordinates and luminance of the background were x
= 0.3129, y = 0.3484, Y = 27.9 cd/m? when measured on the screen (for further details see Witzel & Gegenfurtner, 2013). Note that
colors were fitted into the gamut of the monitor used in this study, and might be outside the gamut for other monitors and settings.

Feedback and Hall of Fame

In order to motivate participants to maximise speed
and accuracy we provided qualitative feedback after each
block, and at the end of all blocks, they could enter their
name in a hall of fame depending on their performance (cf.
section “Procedure” of the main article). For both, block-
wise feedback and hall of fame, a score has been calculated
based on the product of the normalized response times and
accuracy rates and mapped to a scale between O and 10000.
So, accuracy and speed could compensate each other and
the same score could be obtained with a relatively low accu-
racy rate and a respectively higher speed or vice versa.
10000 points corresponded to 100% correct and an average
response time of 500ms. Hence, with response times lower
than 500ms participants could obtain more than 10000
points. 0 points corresponded to a performance of 50%
correct answers or an average RT of more than 1500ms.

Witzel & Gegenfurtner (2015)

Feedback. The block-wise feedback was given by writ-
ten ratings on the screen. A performance better than 10000
points was called “Fantastic!!!”; for performance corre-
sponding to more than 95% correct and response times of
less than 600ms (8100 points), participants obtained “Ex-
cellent!!”, for more than 90% correct and less than 700ms
“Very Good!”, for 85% and 700ms “Good” and for over
50% and less than 1000ms only “Ok”. If participants yield-
ed less than 50% correct or more than 1500ms (O points)
they were asked to contact the experimenter.

Hall of fame. The hall of fame consisted of 10 entries,
ordered by the scores. Participants could enter their name
at the respective rank if they obtained a higher score than
at least one of the listed scores. At the beginning of data
collection, entries were set to O so that in the first ten ses-
sions all people entered the hall of fame.
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MAIN RESULTS

Categorical perception tests

Group 1 (Tab. S2)

Group 2 (Tab. S3)

Response Times (ms) Error rates (%)

Response Times (ms) Error rates (%)

Border Border
df t p M df t p df t p M df t p
a.) transitional - boundary a.) transitional - boundary
Pi-Pu -4.5 8 -04 074 -06 8 -05 0.62 Pi-Pu 419 11 35 *k 31 11 3.2 *k
Pi-O 292 7 13 022| 33 7 16 0.15 Pi-O 989 11 6.7 #» | 33 11 3.3 ok
O-Pi -4.5 7 -02 082 -03 7 -0.1 0.9 O-Pi 64.4 11 4.4 *x 1.7 11 1.9 °
G-B 252 8 1.8 0.10 0 8 01 099 G-B 396 11 33 125 11 32 *
B-G -326 8 -34 *| -43 8 -23 * B-G -86.5 11 -7.0 Wkl .33 11 -55 ok
B-Pu 60 8 04 069| -22 8 -12 028 B-Pu 85 11 11 030|043 11 05 0.65
Pu-B 205 8 21 | 23 8 13 024 pyp 298 11 2.4 *|-01 11 -01 089
Pu-Pi -6.4 8 -04 072 -07 8 -04 071 Pu-Pi 327 11 2.7 *| 27 11 2.5 *
b.) center - transitional b.) center - transitional

Pi-Pu 34.5 8 1.8 0.1 1.5 8 1.5 0.17 Pi-Pu 78.7 11 5.0 i 3.0 11 1.7 0.12
Pi-O 10.9 7 0.3 076 | -1.0 7 -05 0.65 Pi-O 218 11 1.4 0.19 28 11 2.6 *
O-Pi 115 7 0.6 0.55 1.2 7 1.0 0.36 O-Pi 441 11 4.5 ok 21 11 16 0.14
G-B 38.6 8 22 ° 6.3 8 4.4 *k G-B 95 11 04 0.70 42 11 3.0 *x
B-G 29.0 8 35 *k 0.2 8 0.2 0.86 B-G 252 11 4.4 *x 04 11 0.7 0.48
B-Pu 95 8 -05 061| -20 8 -15 0.18 B-Pu -69.8 11 54 Wkl .33 11 2.7 *
Pu-B -182 8 -10 035 -08 8 -03 080 Pu-B 124 11 09 040| 08 11 0.6 055
Pu-Pi 8.7 8 0.7 0.50 2.2 8 0.8 047 Pu-Pi 96 11 0.8 046 | 20 11 -2.2 °

Table S2. Categorical perception tests for transitional pairs in
group 1. Part a reports t-tests for comparisons between transi-
tional and boundary pairs; part b for transitional and center pairs.
Format as in Table 1 and Table 2 of the main article.

Independence of categorical patterns (Tab.S4)

The binomial tests reported in the section “Group 2
(initially inexperienced observers)” of the main article re-
quire statistical independence of random events. To get an
idea of the statistical dependencies of the observed categor-
ical patterns in the second group of participants, we calcu-
lated the correlations across the 12 participants of the rela-
tive response times of the center pairs for the 6 categories
(left side of Table S4), and those for the relative error rates
(right side of Table S4). None of the relative response times
were correlated between any of the categories, and only the
relative error rates of the pink and orange categories were
significantly correlated, explaining 36% of the variance (r =
0.60, p = 0.04).

Note that correlations may also result from relation-
ships of actual category effects across participants, rather
than from correlations of error terms. However, the general

Witzel & Gegenfurtner (2015)

Table S3. Categorical perception tests for transitional pairs in
group 2. Format as in Table S2.

absence of correlations indicates that neither category ef-
fects, nor error terms are correlated.

Clearly, correlations only capture linear relationships,
and might miss other statistical dependencies. Nevertheless,
the absence of strong correlations indicates that there were
no obvious statistical dependencies across the categories.
For this reason, we used the binomial distribution as an
approximation for estimating the probabilities that the cat-
egorical patterns observed in the second group occurred by
chance.

At the same time, the absence of correlations indicates
that there were no systematic variations of category effects
across individuals. This observation is also relevant for the
differences in categorical patterns between the two groups,
and is discussed for this reason in the section “Individual
differences” of the main article, and in section “Individual
Observers (Fig. S4)” of the Supplementary material.

SUPPLEMENTARY MATERIAL
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Pink Orange Yellow Green Blue Purple
n r p r p r p r p r p r p
Pink 12 1 0 0.60 * 0.49 0.10 0.20 0.53 -0.27 0.40 -0.29 0.37
Orange 12 0.39 0.22 1 0 0.23 0.47 0.07 0.84 -0.03 0.92 0.20 0.52
Yellow 12 0.01 0.97 0.02 0.96 1 0 0.30 0.35 -0.25 0.44 -0.49 0.10
Green 12 0.17 0.59 0.10 0.77 0.49 0.11 1 0 0.01 0.98 0.17 0.59
Blue 12 0.10 0.76 0.24 0.45 0.37 0.24 0.37 0.23 1 0 -0.06 0.85
Purple 12 -0.12 0.71 -0.11 0.74 0.48 0.11 0.20 0.53 -0.07 0.83 1 0

Table S4. Correlations of relative response times and error rates between center pairs of different categories in the second group. Cor-
relations between relative response times are shown in green (left side), those between relative error rates in red (right).

ADDITIONAL ANALYSES OF MAIN RESULTS

Individual observers (Fig. S4)

We examined whether category effects only occurred
for some observers, but not for others. For this purpose, we
calculated the mean response times and error rates for each
block across sessions (15 blocks) for each individual observ-
er. We applied the same tests as for the aggregated data
across individuals to the individual data across blocks. Re-
sults for the centre pairs are illustrated in Figure S4. In the
case of a category effect, bars should be above zero.

The left part of Figure S4 shows the results for the first
group. Apart from the green and the blue category, results
do not show a consistent pattern, neither across categories
nor across individuals. In fact, in those categories (pink,
orange, yellow, and purple) some bars went significantly in
the direction of the category effect, and others in the oppo-
site direction. This was true for response times (panel a) as
well as for error rates (panel b). However, the pattern of
response times (bars in panel a) and the pattern of error
rates (bars in panel b) across observers and categories were
correlated (n = 54; r = 0.60; p < 0.001). This was also true
for the distances of the transitional pairs from the bounda-
ry line (n = 72, r = 0.66, p < 0.001), and the differences
between these distances for center and transitional pairs (n
=63, r = 0.58, p < 0.001). These correlations suggest that
the idiosyncratic variations of response times and error
rates reflect systematic inter-individual differences in per-
formance across color pairs.

Panels ¢ and d of Figure S4 illustrate the individual re-
sults for the centre pairs of the second group. For pink,
orange, vellow, and green, relative response times and error

Witzel & Gegenfurtner (2015)

rates were above zero for almost all individuals, which is in
line with the category effect. However, blue consistently
shows the inverse pattern. Only purple indicates strong
differences across individuals. As for group 1, response
times and error rates were correlated; but correlations were
lower than those for group 1 (centre pairs: n = 72, r = 0.35,
p = 0.002; transitional pairs: n = 96, r = 0.32, p = 0.002;
centre vs. transitional: n = 96, r = 0.19, p = 0.06).

Moreover, we reported in section “Independence of
categorical patterns” that categorical patterns were not cor-
related across participants in the second group (Table S4).
If some observers were more susceptible to category effects
than others, the strength of categorical patterns should vary
consistently for all categories. Hence, categorical patterns in
different categories should be correlated across observers.
The absence of such a correlation suggests that category
effects do not systematically vary across observers. This un-
dermines the idea that differences in categorical patterns
between groups could be due to differences in the suscepti-
bility for category effects across individuals.

As summarized in the main article (section “Individual
observers), facilitation effects were consistent across observ-
ers in the second group (Figure S4.c-d). In the first group,
only green and blue yielded consistent effects across ob-
servers, green in line with categorical facilitation, blue in
the opposite direction. There were no individuals in the
first group that showed consistent effects across categories
(Figure S4.a-b). These results further indicate that there
were fundamental differences between the two groups.

SUPPLEMENTARY MATERIAL
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Figure S4. Individual category effects. Average relative response times (panels a & ¢) and error rates (b & d) for the center pairs are
shown for the individual observers of the first (a & b) and second group (c & d). The bars along the x-axis correspond to the average of
the single observers, ordered by categories. The colors of the bars and the labels along the x-axis refer to the respective color terms.
Error bars correspond to standard errors of mean across 15 blocks. The symbols above the bars refer to the p-values of paired, two-
tailed t-tests, testing for the difference from zero across blocks, with * corresponding to p < 0.05 and ° to p < 0.1. Note the high variabil-
ity of the direction of the bars for all categories except green in the first group, and the almost unanimous orientations of the bars within

each category in the second group.

Response Time Distributions

Cumulative density functions (Fig. S5-S6)

The distribution of response times may be illustrated
by cumulative density functions of response times. Cumu-
lative density functions show the number of responses with
response times below or equal to the response times indi-
cated along the x-axis (These distributions are sometimes
also called vincentized). We plotted these cumulative density
functions lumped together across participants, but separate-
ly for each category (cf. different panels) and separately for
each type of stimulus pair (red for center vs black curves for
boundary pairs). The higher the curves in these graphics,
the faster were the response times. According to a category

Witzel & Gegenfurtner (2015)

effect, the red curve for the center pairs should be lower
than the two black curves for the boundary pairs.

Figure S5 shows the cumulative density functions for
group 1. For green (panel d) the curve for the center pair
(red) is lower than those of the boundary pairs in the last
quartile (above 75%), which is in line with the category
effect. For the other categories, these curves almost com-
pletely coincided for all quantiles, indicating that there is
really no category effect in the aggregated data.

In sum, no category effects appeared in the first group
except for the green category (cf. section “Response Time
distributions of the main article).
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Figure S5. Cumulative density function of response times for group 1. Response times of all individuals were lumped together, but
separated per category. The x-axis refers to response time margins, and the y-axis to the relative frequency of correct responses that
were given faster or equal to the margins. Red curves correspond to the response times for center pairs, black curves to those of the
boundary pairs. Horizontal dotted lines indicate quartiles, while averages are shown by the vertical lines. Note that the red curve of the
center pair is lower than the black ones of the boundary pairs for the green, but for none of the other categories.

Figure S6 shows the cumulative density functions for
group 2. In line with a category effect, the red curve for the
center pairs is lowest for pink (panel a), orange (b), yellow
(c), green (d), and purple (f). These are the same categories
that showed the categorical patterns with average response
times (Figure 4.c-d). The maximum differences between the
curves are located above the average, at about the 75" per-

Witzel & Gegenfurtner (2015)

centile. This indicates that categorical patterns occur for
response times at about this percentile rather than around
the median or below.

Taken together, the results for both groups are in line
with the main results for the average response times in Fig-
ure 4 of the main article (cf. section “Response Time distri-
butions of the main article).
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Figure S6. Cumulative density functions of response times for group 2. Format as in Figure S5. Above the median the red curves of the
center pairs are lower than the black curves of the boundary pairs for all categories except blue, for which this pattern is reversed.

Percentiles and cut-offs (Fig. S7)

Data at different levels of response speed were analyzed
to statistically test the dependence of category effects on the
distribution of response times. In order to inspect perfor-
mance relative to each observer’s individual response speed,
we divided each participant’s data into ten parts based on
response time deciles (relative partitions). To examine abso-
lute cut-off values of response times, we also separately ana-
lyzed response times below and above 700ms (absolute parti-
tions). This cut-off value is (approximately) the median of
the second group and still allows for sufficient data for each
participant in the first group (cf. section “Overall Perfor-
mance” in the main article). Paired, two-tailed ttests across
participants were applied to the average relative response
times and error rates of the respective partitions of the da-
ta. Results for the center pairs are illustrated by Figure S7.
Light, unsaturated bars refer to the relative partitions based
on deciles, dark, saturated bars refer to the absolute parti-
tion at 700ms.

The second, initially inexperienced group, showed clear
patterns across the 10 relative partitions (Figure S7.c-d).
The 5 categories that yielded category effects with the over-
all averages (pink, orange, yellow, green, and purple) also

Witzel & Gegenfurtner (2015)

yielded such effects for the 10 relative partitions (cf. light,
unsaturated bars in Figure S7.c-d). Relative response times
of the center pairs were higher than zero for these catego-
ries (panel c). The same was true for most of the relative
error rates; though the effects on error rates were less con-
sistent, in particular for yellow and purple (panel d). For
blue, the relative response times and error rates were below
zero for almost all relative partitions. The size of the differ-
ence between the response times for the center pair and the
boundary line systematically increased with the absolute
size of the response times, as illustrated by the increasing
height of the bars in panel c.

The absolute cut-off did not yield as clear patterns as
the deciles (dark, saturated bars in Figure S7.c-d). For re-
sponse times above 700ms, the relative response times of
the center pair were significantly different from zero for all
categories, except yellow and purple, where differences were
marginally significant and non-significant, respectively. For
response times below 700ms only orange yielded a signifi-
cant difference from the boundary line. At the same time,
error rates yielded similar category effects below and above

the 700ms cut-off (dark, saturated bars in Figure S7.d).
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In the first group, green yielded a similar pattern of rel-
ative response times and error rates across deciles as in the
second group (cf. light bars in Figure S7.a-b). In contrast,
the inverse effect for blue response times occurs mainly for
response times above 700ms. Finally, the error rates for
orange show categorical patterns when partitioned into
deciles or when partitioned according to the 700ms cut-off.
These categorical effects did not appear for the overall aver-
age (cf. Figure 4.b of the main article). Apart from that, no
additional category effects were found in the first group.

In sum, apart from the additional effects for orange in
the first group, these results mainly confirm the main re-

a.)
GROUP 1
300 ¢ *

200

100 ¢

Relative response times (ms)

-100 1 1 1 1 1 * 1
pink orange  yellow  green blue purple

b.)

30

Relative errar rates (%)

_2D 1 1 1 1 1 1
pink orange  yellow  green blue purple

Cateqories

http://journalofvision.org S10

sults (cf. Figure 4 of the main article) and show their ro-
bustness across the response time distribution. The green
category in the first group and the 5 categories in the sec-
ond group yielded category effects across all 10 response
time deciles of each participant, and for response times
below and above an absolute cut-off of 700ms. Hence, ob-
served categorical patterns neither depend on the size of
response times relative to each observer, nor on the abso-
lute size of response times (cf. section “Response time dis-
tributions” in the main article).
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Figure S7. Category effects across percentiles and 700ms cut-off. The y-axis represents relative response times (panels a & ¢) and
error rates (b & d) of the center pairs in the first (a & b) and second group (c & d). Different bars refer to different partitions of data.
Groups of bars correspond to categories, as identified by the bar colors and the labels along the x-axis. Light, unsaturated bars (the first
10 in each group) show averages for data that has been divided in 10 parts by the response time deciles of each participant separately
(relative partitions). The dark, saturated bars (last two in each group) refer to data, for which response times were below and above
700ms (absolute partitions). Error bars correspond to standard errors of mean across participants. Symbols refer to p-values of paired,
two-tailed t-tests across participants, with * corresponding to p < 0.05 and ° to p < 0.1. Note that the category effects for pink, orange,
yellow, green, and purple in the second group (panels ¢ and d) and for green in the first group (panels a and b) consistently occur in all
partitions.
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Time and Training

Performance over time (Fig. S8)

Figure S8 shows the development of performance
across the overall 15 blocks (3 blocks x 5 sessions). Average
response times and error rates were calculated separately for
center (white curve), boundary (black), and the two transi-
tional pairs (green and red).

In the first, highly trained group (left column of Figure
S8), response times increased up to the fourth session, and
decreased towards the 5 session (Figure S8.a). Error rates
showed the inverse pattern across blocks (Figure S8.b). As a
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result, response times and error rates were negatively corre-
lated (min r = -0.65, p < 0.01), indicating a speed-accuracy
trade-off.

In contrast, in the second group response times for all
4 stimulus types decreased with time. Consequently, they
were significantly correlated with block order (minimum r
=.0.82, all p <0.001). However, error rates did not change
systematically across blocks (max r = 0.14, p = 0.62). Hence,
there was no speed accuracy trade-off. The increase in speed
must be attributed to learning.

c.}
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Figure S8. Performance across blocks. The y-axis represents average response times (panels a & c) and error rates (b & d) for the
different stimulus types in the first (a & b) and second group (¢ & d). The x-axis corresponds to the 15 blocks, the alternating grey and
white background illustrates the 5 sessions. Data is shown separately for center (white curve), boundary (black curve), and the two
kinds (lower and upper azimuth) of transitional pairs (green and red curves). Note that response times steadily decrease across blocks
in the second but not in the first group, while there is a speed-accuracy trade-off in the first but not in the second group.

Feedback Scores (Fig. S9)

We tested whether the reinforcement scheme used for
feedback and hall-of-fame affected the development of per-
formance. In particular, it may have provided reinforce-
ment patterns that weigh response times and error rates
differently at different levels of response speed. The first
group might optimize speed-accuracy trade-offs according to
the particular reinforcement scheme. Figure S9 illustrates
the development of scores and feedback across blocks.

In the first group (Figure S9.a), only 2 out of 9 partici-
pants (f3 & f4) consistently improved their scores, as shown
by a significant positive correlation between scores and

Witzel & Gegenfurtner (2015)

blocks (r(15) = 0.59, p = 0.02; and r(15) = 0.77, p < 0.001;
all other p > 0.11). Note that participants did not know the
exact scores, but just the qualitative feedback. The two par-
ticipants that improved their scores (purple and yellow line)
changed from “very good” during the first session, to “ex-
cellent” in later sessions.

In the second group (Figure S9.b), 6 out of 12 partici-
pants significantly improved their scores across blocks (r >
0.57, all p < 0.03. Another two participants improved mar-
ginally significantly (r = 0.50, p = 0.06, and r = 0.48, p =
0.07; all other p > 0.13). These participants mainly im-
proved from “good” in the first, to “very good” in later ses-
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sions. However, none of the participants in the second
group ever reached the level for “excellent”.

These results show that the idiosyncratic patterns of re-
sponse times and error rates across blocks in the first group
did not serve the purpose of achieving higher scores or bet-

ter feedback.
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Figure S9. Feedback scores across sessions. The x-axis corre-
sponds to the 15 blocks across 5 sessions. The y-axis repre-
sents the scores that were calculated based on response times
and error rates at the end of each block. Block-wise feedback
was “fantastic” for scores above 10.000, “excellent” > 8100, “very
good” > 6400, “good” > 3500, and “ok” below 3500. Each curve
represents one participant of the first group (panel a) or the sec-
ond group (panel b). Note that few participants of the first group,
but several of the second group consistently improved their
scores and feedback across blocks.

Category effects over time (Fig. S10)

To assess whether category effects disappear with train-
ing and experience, we examined the development of cate-
gory effects over time. For this purpose, we concentrated on
the center pairs, and we calculated relative response times
and error rates (distances to the boundary lines) separately
for each block. Figure S10 shows the relative response times
(first row) and error rates (second row) of the second group.

Witzel & Gegenfurtner (2015)
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The curves correspond to the median across participants. If
category effects decreased with familiarity and training,
curves should decrease across blocks.

To test whether category effects changed systematically
across blocks, correlations were calculated between relative
block and relative response times and error rates. To test
for category effects within blocks, paired, two-tailed t-tests
across participants were used.

Figure 10.a-b illustrates the results for the first group. If
training and experience would have counteracted category
effects in the first group, category effects would have existed
at the beginning and faded across blocks and sessions.
However, this was not the case. Apart from green and blue,
only the relative response times for purple were marginally
significant above zero in the second block (M =-37.5, t(8) =
-2.0, p = 0.08). Neither relative response times nor error
rates of any other category showed a significant difference
in any of the three blocks of the first session (min. p =
0.13). Moreover, none of the relative response times and
error rates were negatively correlated with blocks, apart
from a significant negative correlation of purple error rates
(r(15) =0.59; p = 0.02), and a marginally significant nega-
tive correlation for pink response times (r(15) = -0.49, p =
0.06).

As reported above (“Performance over time”), the sec-
ond group showed increasing performance across blocks,
indicating an effects of training and experience on overall
performance (Figure S8.c-d and Figure S9.b). If training
and experience affected the category effects of the second
group, category effects should attenuate across blocks. Yet,
this was not the case (Figure S10.c-d). Category effects ex-
isted across all blocks in the 5 categories, pink, orange, yel-
low, green, and purple. The opposite pattern in the blue
category was also stable across blocks. Moreover, the cate-
gory effects in the second group did not systematically de-
crease over time. Only the relative response times for pink
were negatively correlated with blocks (r(15) = -0.55, p =
0.03). For green relative response times (r(15) = 0.52, p =
0.049) and error rates (r(15) = 0.56, p = 0.03) were positive-
ly correlated with blocks. These positive correlations imply
that the categorical patterns in these two categories be-
comes more pronounced over time. Blue also showed a
positive correlation, but only for response times (r(15) =
0.60, p = 0.02). This correlation indicates that the inverse
pattern in the blue category decreases over time.

In sum, the correlations did not show a consistent de-
crease of category effects with time and training. The condi-
tions (groups and categories) that yielded category effects
did so across all sessions, and no additional category effects
appeared in the first group when focussing on single blocks.
Hence, there is no evidence for a modulation of category
effects across blocks. These results undermine the idea that
categorical facilitation is affected by training and experience
with the task.
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Figure S10. Category effects across blocks. The left side corresponds to results of the first group (panels a & b), the right side to those
of the second group (c & d). The upper rower shows response times (a & c), the lower row error rates (b & d). The x-axis represents
blocks (grey and white backgrounds refer to session). The y-axis corresponds to the relative response times or error rates per block,
respectively. The different curves refer to the center pairs of the different categories; colors of curves indicate categories. Note that the
second group shows similar patterns in each block, with litle modulation over time (panels ¢ and d). In contrast, there are almost no
stable patterns over time in the first group (panels a and b). In the first group, only the categorical pattern in the green category is stable
across blocks, and the relative error rates in the blue category are negative across all blocks.

T-Tests across blocks

To achieve higher statistical power than in the main tests
for category effects across participants, we also conducted t-
tests for category effects across the 15 blocks, with data ag-
gregated across participants.

In the first group (Figure S10.a-b), average response
times and error rates for green were above the boundary
line in almost all blocks. Hence, t-tests across blocks were
significant for response times (t(14) = 10.9; p < 0.001) and
error rates (t(14) = 5.3; p < 0.001). Response times for pink
(t(14) = 2.0; p = 0.07) and yellow (t(14) = 2.3; p = 0.04)
were marginally significantly and significantly above the
boundary line when tested across blocks. Error rates for
blue were significantly below the boundary line, hence con-
tradicting any category effect (t(14) = -5.8; p < 0.001).

In the second group (Figure S10.c-d), relative response
times for the five categories pink, orange, yellow, green, and
purple were all significantly above the block-wise boundary
lines (min. t(14) = 3.9, all p < 0.01). Relative error rates also
lay significantly above the boundary lines for pink, orange
and green (min. t(14) = 5.5, all p < 0.001) and marginally
significantly for yellow (t(14) = 1.9, p = 0.08). In contrast,
response times (t(14) = -6.0; p < 0.001) and error rates (t(14)

Witzel & Gegenfurtner (2015)

= .5.8, p < 0.001) for blue were below the block-wise
boundary lines, hence contradicting (again) a category ef-
fect.

In sum, the ttests across blocks confirm the effects
found for average response times and error rates (Figure 4
and section “Main results: Category Effects” of the main
article).

Lateralization

When participants fixate the center of the screen the left
side of the screen corresponds to the left, the right side to
the right visual field. In our set-up, two of the four colored
disks were on the left, the other two on the right side of the
screen, and participants had to fixate the center in particu-
lar since the lightness of the fixation point gave feedback
about the accuracy of each response. We reanalyzed our
data by comparing trials in which the target was on the left
to those where it was on the right side of the screen. In the
case of lateralized category effects, category effects are
stronger in the right than in the left visual field. In this
case, response times and error rates should decrease more
strongly towards the boundaries in the right than in the left
visual field.
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In the first two subsection, we compare category effects
between the two visual fields by visual inspection. Then, we
provide statistical tests in the sections “Tests across partici-
pants (Fig. S13)” and “Tests across blocks (Fig. 14, Tab.
S5)”. Finally, we inspect how lateralization effects develop
over time in the section “Lateralization across time (Tab.

S6)”.
Lateralization for group 1 (Fig. S11)

Figure S11 shows response times (upper row, panels a & c)
and error rates (lower row, panels b & d) of the first group
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separately for the left (left column, panels a & b) and right
visual field (right column, panels ¢ & d). By visual inspec-
tion, patterns of category effects occurred in the right, but
barely in the left visual field for orange response times, and
for pink, orange, and purple error rates. For green, re-
sponse times and error rates were above the boundary line
on both sides, but more on the right side.
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Figure S11. Lateralized performance of group 1. Format is as in Figure 4 of the main article. The only difference is that data is shown
separately for trials where the target (odd one) appeared in the left (panels a & b) and right visual field (c & d). Note that in some cases
response times and error rates were above the boundary line on the right, but barely on the left side, namely for orange response times,

and pink, orange, and purple error rates. For green, response times and error rates were above the boundary line on both sides, but
stronger so on the right side.

Lateralization for group 2 (Fig. S12)

Figure S12 shows the lateralized data for the second group.

towards the boundaries of pink, orange, yellow, green, and,
In general, the decrease of response times and error rates

in tendency, for purple, seem to occur in both visual fields.

Witzel & Gegenfurtner (2015) SUPPLEMENTARY MATERIAL


http://journalofvision.org/

Journal of Vision http://journalofvision.org S15
a.) c.)
LEFT RIGHT
1000 T 1000 T
n=12
W
é 900 900 +
o
Jak}
£
= 800 800
i)
=
L=
[l
2 700 700
r
G500 BOO
25 50 75 100 25 50 75 100
b.) d.)
20 20
E‘E
o
Z
b
S
i

25 50 75 100
Hue in relative JND-space (%)

25 50 75 100
Hue in relative JND-space (%)

Figure S12. Lateralized performance of group 2. Format is as in Figure S11. Note that in general the profiles looked very similar for the

left and right side.

Tests across participants (Fig. S13)

To test whether category effects were stronger in the right
than in the left visual field, we calculated laterality contrasts.
Laterality contrasts are the differences between the re-
sponse times (error rates) on the right and on the left side.
Figure S13 illustrates the laterality contrasts of response
times (upper row, panels a & c¢) and error rates (lower row,
panels b & d) for the first (left column, panels a & b) and
second group (right column, panels ¢ & d). If there were
stronger category effects in the right visual field, the con-
trasts should decrease towards the boundaries.

As for the main tests for category effects, we used
paired ttests to test whether the laterality contrasts for cen-
ter pairs lay significantly above the boundary lines of the
laterality contrasts (dotted lines in Figure S13). Detailed

results of these t-tests are provided in the upper part of Ta-
ble S5 (sections a-b).

Witzel & Gegenfurtner (2015)

In group 1 (Figure S13.a-b), the center pairs of orange,
green, blue, and purple yielded average response time and
error rate contrasts above the boundary line. For blue this
was true for response times, and for yellow for error rates,
only. However, none of these differences reached signifi-
cance across observers (min. p = 0.15). Only green error
rate contrasts were marginally significant above the bound-
ary line (¢(8) = 2.0, p = 0.08).

In group 2 (Figure S13.c-d), the center pairs of pink,
orange, yellow, and purple resulted in response time con-
trasts above the boundary line. For error rates this was the
case for orange, yellow, green, blue, and purple. However,
none of these differences from the boundary line were sig-
nificant (min. p = 0.15). The response time contrasts for
green yielded a marginally significant pattern (¢(11) =-2.1; p
= 0.07) that contradicted the lateralized category effect, in
that category effects tended to be stronger on the left side.
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Figure S13. Laterality contrasts between right and left. The y-axis represents response time (panels a & c) and error rate (b & d) later-
ality contrasts for the first (a & b) and the second group (c & d). These contrasts correspond to the difference between the relative re-
sponse times (error rates) on the left and those on the right side. Apart from that, format as in Figure 4 of the main article. In the case of
a lateralized category effect, boundary pairs should yield lowest, center pairs highest laterality contrasts, indicating stronger category
effects on the right than on the left side. Note the non-significant tendencies towards this pattern for orange, green, and purple in the
first group, and for orange, yellow, and purple in the second group, as well as the opposite pattern for green response times in the sec-

ond group (panel c).

Tests across blocks (Fig. 14, Tab. S5)

The lack of significant results in the t-test across partic-
ipants might have been due to low statistical power because
of the limited number of participants. To further explore
the non-significant tendencies towards a lateralization effect
we tested for lateralization effects across the 15 blocks of
the measurements. For this purpose, we determined lateral-
ity contrasts of relative response times and error rates for
each block. Like above, the laterality contrasts are calculat-
ed as the difference between the relative response times
(error rates) for the center pair on the right and on the left
side. The resulting laterality contrasts are shown in Figure
S14. We tested whether these laterality contrasts were
above zero through paired, two-tailed ttests across blocks.

Witzel & Gegenfurtner (2015)

Results are summarized in the lower part of Table S5 (sec-
tions c-d).

In the first group (Figure S14.a-b, Table S5.c), orange
showed a significant and marginally significant lateralisa-
tion pattern for error rates (t(14) = 3.1, p = 0.008) and re-
sponse times (t(14) = 2.0, p = 0.07), respectively. As in the
tests across participants, this result indicates that relative
response times and error rates were higher above the
boundary line in the right than in the left visual field. Blue
yielded a contrary lateralisation effect on response times
(t(14) = 2.4, p = 0.03), which implied that response times
were less below the boundary line on the right than on the

left side.
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In the second group (Figure S14.d, Table S5.d), only
the lateralisation effect for green error rates was significant
(t(14) = 2.4, p = 0.03), the one for orange error rates was
only marginally significant (t(14) = 1.8, p = 0.09). There was
no other significant lateralisation effect across blocks, nei-
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ther for response times (min. p = 0.19), nor error rates (p =
0.22).

In sum, there were some tendencies towards a (right-)
lateralized category effect in some categories. However,
there was no consistent lateralization of category effects in
either group.

c.)

GROUP 2

200

100

-100

-200

d.)

1 2 3 4 5
Hue in relative JND (%)

Figure S14. Lateralization effects over time. The y-axis represents the laterality contrasts for the relative response times (panels a & c)
and error rates (b & d) of the first (a & b) and second group (c & d). These contrasts are calculated as the difference between the rela-
tive response times (error rates) for the center pairs when the target was left and when it was right to the fixation point. Apart from that,
format as in Figure S10. Note that there is no systematic pattern across blocks in any of the groups, with the exception of the negative

correlation for the orange error rates in the first group.

Witzel & Gegenfurtner (2015)

SUPPLEMENTARY MATERIAL


http://journalofvision.org/

Journal of Vision http://journalofvision.org S18
Response times (in ms) Error rates (in %) Response times (in ms) Error rates (in %)
Category df M t p M t p df M t p M t p
a.) Group 1 (trained): t-test across participants c.) Group 2: t-test across participants
Pink 8 -06 -0.1 0.95 1.9 0.8 0.46 11 131 0.9 0.37 -04 -0.2 0.83
Orange 8 24.6 1.6 0.15 4.0 16 0.15 11 7.3 0.4 0.73 24 1.4 0.18
Yellow 7 -0.9 0 0.97 1.1 0.7 0.54 11 15.6 0.8 0.42 2.0 16 0.15
Green 8 244 1.6 0.14 3.6 20 0.08 11 -39.3 -2.1 ° 3.6 1.3 0.23
Blue 8 29.3 1.1 0.32 -0.5 -0.3 0.79 11 -9.2 -0.6 0.58 1.7 1.3 0.23
Purple 8 1.8 0.1 0.92 1.6 0.6 0.59 11 17.7 0.8 0.42 0.7 04 0.67
b.) Group 1 (trained): t-test across blocks d.) Group 2: t-test across blocks

Pink 14 -6.3 -0.3 0.78 1.4 0.6 0.57 14 12.0 0.6 0.54 -0.2 -0.2 0.87
Orange 14 182 2.0 ° 3.9 3.1 ** 14 3.0 0.2 0.86 2.6 1.8 °
Yellow 14 -123 -1.0 0.36 1.2 0.7 0.52 14 14.1 1.1 0.28 1.9 1.0 034
Green 14 17.2 1.0 0.32 34 15 0.15 14 -33.8 -1.4 0.19 34 24 *
Blue 14 134 24 * -0.2 -0.1 0.92 14 -12.6 -1.0 0.34 1.8 1.3 0.22
Purple 14 18 0.2 0.84 0.1 0 0.98 14 17.7 1.0 0.31 0.7 0.5 0.63

Table S5. T-test for lateralized category effects. The paired, two-tailed t-tests compared differences between center and boundary pairs
on the right and left side. The left part of the table (a & b) report results for the first, the right part (c and d) for the second group; the first
row (a and c) gives statistics for tests across participants, the second row (b and d) across the 15 blocks.

Lateralization across time (Tab. S6)

If lateralization effects depend on training, lateraliza-
tion effects might be covered by lumping all blocks togeth-
er. For this reason, we inspected whether potential laterali-
zation effects depend on time and training. For this pur-
pose, we calculated correlations between the block number
(I to 15) and the average lateralization effects per block.
Detailed results are provided in Table S6.

In group 1 (Table S6.a), only the lateralization of the
relative error rates for orange correlated negatively with

blocks (r(15) = -0.52, p = 0.045). There was no other signifi-
cant correlation, neither for response times, nor error rates.
In group 2 (Table S6.b), correlations between lateralization
and blocks were not significant for any of the categories,
neither for response times (min. p = 0.20) nor for error
rates (min. p = 0.19). Hence, there was no consistent modu-
lation of lateralization effects across time, which further
supports the conclusion that there were no consistent lat-
eralization effects.

a.) Group 1 (experienced)

b.) Group 2 (non-experienced)

Response times (in ms) Error rates (in %) Response times (in ms) Error rates (in %)
Category n r p r p r p r p
Pink 15 -0.40 0.14 -0.29 0.30 0.24 0.38 -0.09 0.76
Orange 15 -0.14 0.62 -0.52 * -0.34 0.22 0.21 0.45
Yellow 15 -0.17 0.53 -0.16 0.57 0.06 0.83 -0.36 0.19
Green 15 -0.14 0.62 0.22 0.43 0.35 0.20 0.10 0.74
Blue 15 -0.26 0.36 -0.21 0.45 -0.19 0.50 -0.29 0.30
Purple 15 0.12 0.67 -0.35 0.20 -0.18 0.52 0.06 0.84

Table S6. Correlations between lateralization and time. Part a (left) shows results for the first, part b (right) those for the second group.

“r’ reports the correlation coefficient, and “p

Witzel & Gegenfurtner (2015)

the corresponding two-tailed t-statistic.
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VALIDATION OF CATEGORIES

Naming test of main experiment

The naming test of the main experiment allowed for as-
sessing differences between the actual categories for the 32
colors of the speeded discrimination task, and the assumed
categories measured for the 120 colors in the preliminary
naming test. Figure S15 and Figure S16 provide trial-by-trial
results for each participant. They correspond to the aggre-
gated data in Figure 6 of the main article.

Differences between groups (Fig. S15)

Rationale: If the discrepancies between assumed and actual
categories were stronger in the first than in the second
group, this would explain why category effects were more
pronounced in the second than in the first group.

Results: In both groups the category boundaries of the
naming test of the main experiment did not completely
agree with the boundaries of the preliminary measure-
ments. In group 1 (Figure 6.a of the main article) original
boundaries (dotted lines) correspond to the individual
boundaries of each observer. In this group, red, orange,
yellow, and green colors deviate particularly from the as-
sumed boundaries.

In group 2 (Figure 6.b of the main article), the bounda-
ries of the original categories (dotted lines) correspond to
the aggregated categories of group 1. Differences between
the two kinds of measurements appeared in all observers
and concerned all categories.

Finally, Figure S15 and Figure S16 also show that cate-
gory membership of colors varied across sessions. This is
particularly true for colors around the boundaries.

Discussion: Together, these results suggest that catego-
ries might have differed between the different stimulus sets
(32 vs. 120 colors). Hence, there might have been discrep-
ancies between the assumed and the actual categories for
the equally discriminable colors. These discrepancies could
potentially explain why there were no categorical facilita-
tion effects in the first group.

However, the fact that there were also such discrepan-
cies for the second group is at odds with the presence of
category effects in the second group. Hence, the discrepan-
cies between assumed and actual categories cannot explain
the differences in category effects between the two groups.
Moreover, in both groups some of the observed differences
between measurements might just be due to intra-
individual variation across sessions (Figure S15 & S16).

Witzel & Gegenfurtner (2015)
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Figure S15. Individual results of groupl in the naming test of the
main experiment. In each panel, the x-axis corresponds to the 32
colors of each stimulus set, the y-axis to the sessions. Bounda-
ries based on the preliminary measurements by Witzel and
Gegenfurtner (2013) are shown as dotted black lines. Bounda-
ries updated through the present data are shown as solid black
lines. Apart from that format as in Figure 6 of the main article.
Note the deviations of the re-measured category boundaries
from the assumed boundaries.

Blue-green boundary (Fig. S16)

Rationale: Systematic discrepancies at the green-blue
boundary would explain the contradictory pattern at this
boundary. What contradicted the category effect was the
observation that the transitional blue-green pair rather than
the green-blue boundary pair yielded maximal performance
in both groups (cf. Figure 4 of main article). However, the
local minimum at the transitional blue-green pair would be
in line with a category effect if the actual green-blue bound-
ary would coincide with this pair rather than the assumed
green-blue boundary pair. To explain the increase in per-
formance at the blue-green transitional pair in the speeded
discrimination task, the boundary in the present naming
test should be consistently shifted towards this blue-green
transitional pair.

Results: However, the green-blue boundary did not
vary a lot between the preliminary measurements and those
in the main experiment (cf. Figure 6). Apart from only two
such shifts in each group, there were also two shifts towards
the opposite direction in the second group that is towards
the green-blue transitional pair (cf. Figure 6.b). Conse-
quently, discrepancies between actual and assumed category
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boundaries cannot explain the absence of category effects
in the blue category.
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Figure S16. Individual results of group 2 in the naming test of
the main experiment. Format as in Figure S15. Note that differ-
ences between assumed (dotted black lines) and measured (sol-
id black lines) may be due to differences between the two groups
and to differences in color samples between preliminary meas-

urements and measurements during the main experiment.

Post-hoc naming test (Fig. S17)

Rationale: For the second group, discrepancies between the
original and the re-measured categories were not necessarily
due to differences in stimulus sets. They may also result
from individual differences in color naming because the
aggregated color categories of the first group were used for
the creation of equally discriminable stimuli of the second
group. The post-hoc color naming with the 6 observers of
the second group was done with the same stimulus set of
120 colors as the preliminary naming of Witzel and Gegen-
furtner (2013). Hence, it allowed for assessing differences
between the aggregated categories of the first group and the
individual categories of the second group.

Results: Figure S17 shows the results of the post-hoc
color naming test across the whole hue circle. The colored
areas represent the mode color names across the 6 sessions
for each individual and each of the 120 colors along the
hue circle. Dashed lines show the aggregated category
boundaries measured preliminarily by Witzel & Gegen-
furtner (2013) for the first group of participants. Black and
colored disks represent the equally discriminable stimuli of
the main experiment. Colored disks highlight stimuli for
which category membership differs between the aggregated
categories of the first group and the individual categories of
the second group. Their colors indicate the membership to

Witzel & Gegenfurtner (2015)
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the aggregated categories of the first group. The comparison
between those discs and the measured categories (colored
areas and thick black lines) allows for evaluating whether
differences between the two measurements are important
enough to affect the category membership of the equally
discriminable colors. Indeed, there were some differences
between the preliminary and the post-hoc categories. This
was the case for the yellow colors of m4, the pink-orange
boundary of m5, and the purple-pink boundary of f2.

Discussion: These results indicate that the individual
categories of the second group differed from the aggregated
categories of the first group. However, the second group
with the aggregated categories yielded category effects, not
the first group with the individual categories. Hence, the
present results support the idea that aggregated categories
(as used for producing the equally discriminable stimulus
pairs for the second group), are more relevant for categori-
cal facilitation than individual categories (as used for pro-
ducing the stimulus pairs for the first group).

POST HOC (group 2)
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Figure S17. Post-hoc categories of group 2. The graphic illus-
trates the result for the post-hoc measurements of all colors
along the hue circle for 6 observers of the second group. Format
as in Figure 6 of the main article, except for the x-axis, which
represents the hue circle in relative JND-space as in Figure S2.b
(and Figure 4). Note that the post-hoc categories (colored areas
and thick solid lines) slightly deviate from the assumed catego-
ries (disks and dotted lines).

Re-categorization of stimulus pairs (Fig. S18)

Rationale: The re-measurements of color categories indi-
cated that the actual categories for the set of equally dis-
criminable colors might differ from those assumed for the
production of the equally discriminable color pairs. The
question arises whether the differences between prelimi-
nary and actual categories were strong enough to affect our
main results on categorical facilitation. In particular, the
observed differences in categorization suggest that there
were differences between individual and aggregated catego-
ries. These differences might be important for category ef-
fects, and could explain the differences in category effects
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between the first and second group. Moreover, the differ-
ence between assumed and actual categories might account
for the contrary effects in the blue category.

Method: We tested these ideas by re-categorizing the
equally discriminable stimulus pairs. Re-categorization
means that the equally discriminable color pairs are reas-
signed to the different types of color pairs (boundary, tran-
sitional, and center pairs) according to a set of categories
other than those originally assumed for the production of
these stimulus pairs.

However, the original stimulus pairs were matched to
the assumed, preliminary categories. For this reason, the re-
categorization according to an alternative set of categories
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that differed from those assumed categories could not pro-
vide pairs of each type (i.e. center, transitional, and bound-
ary pairs). For this reason, no distinction between center
and transitional pairs was possible, and stimulus pairs were
re-categorized as boundary pairs and within-pairs. The latter
referred to any pair within a category. Boundary pairs were
determined as pairs with a boundary anywhere between the
colors. The colors of the within-pairs lay both within the
boundaries of the same category. Still, this re-categorisation
involved a reduction in the number of participants for each
comparison because for some participants the alternative
boundaries would require new color pairs, for which no
speeded discrimination data was available.

Figure S18. Category effects for re-categorized color pairs.
Graphics show relative response times (left y-axis) and error
rates (right y-axis) for re-categorized stimulus pairs. In panel a,
individual stimulus pairs of the single participants of the first
group were re-categorized according to the consensus catego-
ries, i.e. the average category boundaries of this group. In panel
b, the stimulus pairs of the first group were re-categorized by the
category boundaries measured through the naming test in the
main experiment. In panel c, the stimulus pairs of the second
group were re-categorized according to the individual categories
of this group, as measured in the naming test of the main exper-
iment. The colors of the bars refer to the different categories, the
initials of which are listed along the x-axes. Light, desaturated
bars refer to response times, dark saturated ones to error rates.
The number of participants with a set of re-categorized stimuli is
indicated above the x-axis. There were no new categorical pat-
terns for the consensus categories and the re-measured catego-
ries in the first group (panel a and b), and not less categorical
patterns for the individual categories in the second group (panel
c). Moreover, the blue category showed the inverse pattern in-
dependently of the set of categories.

<—

Results: Figure S18 illustrates the results of the re-
categorizations. In all panels of Figure S18, The bars refer
to the average distances from the boundary line of the re-
sponse times (light, desaturated bars, left y-axis) and error
rates (dark, saturated bars, right y-axis) within the catego-
ries. Positive bars indicate that response times and error
rates, respectively, were higher within than across catego-
ries, as predicted by categorical facilitation. For several par-
ticipants there were no boundary pairs for some categories.
The number of remaining participants for each category are
shown at the bottom of the graphics.

The lack of category effects in the first group might be
due to the use of individual instead of aggregated catego-
ries. Consequently, more or stronger category effects
should appear when re-categorizing the stimuli according to
their consensus categories, i.e. those categories that were
used for the production of equally discriminable color pairs
for the second group. At the same time, if individual cate-
gories are detrimental for category effects, category effects
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in the second group should disappear or at least decrease
when their data is re-categorized by their individual catego-
ries. Finally, we inspected whether the blue category yielded
category effects when re-categorizing the stimulus pairs by
other measurements of categories.

First, we examined whether aggregated categories pro-
duce more categorical patterns in the first group. For this
purpose, we re-categorized the individual stimulus sets of
the first group according to the aggregated categories of this
group, i.e. the same boundaries that were used for the crea-
tion of the second group’s equally discriminable stimuli
(Figure S18.a). Second, we inspected whether the re-
measured categories in the naming task of the main exper-
iment produced stronger categorical patterns in the first
group. For this purpose, we re-categorized the stimulus sets
of the first group according to the new categories obtained
in the naming test of the main experiment for this first
group (Figure S18.b). Finally, we examined whether the
second group would yield less category effects when using
individual categories. Hence, we re-categorized their stimuli
according to their individual categories from the naming
test of the main experiment (Figure S18.c).

In general, no new patterns appeared in any of the two
groups after the re-categorizations. In the first group (Figure
S18.a-b), patterns of categorical facilitation appeared for
green response times and error rates. Apart from that, there
were some non-significant tendencies for pink, and a signif-
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icant inverse pattern for blue error rates. In the second
group (Figure S18.¢), the bars of the same 5 categories that
showed categorical facilitation with the original categories
(pink, orange, yellow, green, and purple) were positive for
response times and error rates, while those for blue were
negative.

Discussion: If category effects were stronger for aggre-
gated than for individual categories, re-categorization
should enhance category effects in the first and attenuate
them in the second group. However, neither has been the
case in the present study. On the one hand, the application
of aggregated categories did not reveal additional or at least
stronger category effects in the first group (Figure S18.a).
On the other hand, the categorical facilitation effects for all
5 categories still appeared in the response times and error
rates when the data of the second group was re-categorised
by the individual categories of the naming test of the main
experiment (Figure S18.c). These results show that the dif-
ference between individual and aggregated categories can-
not explain the different category effects in the first and
second group.

Finally, no categorical patterns appeared for blue when
re-categorizing the stimuli. This result shows that the con-
tradictory pattern in the blue category cannot be due to
systematic discrepancies between assumed and actual cate-
gories.

JNDs

JNDs and speeded discrimination (Tab. S7)
1. Measure 2. Measure N r p R?  Table S7. Pre- and post-JNDs. Correlations
a.) Correlation between JNDs (Fig. 3.a) between JNDs and performance in the
Pre-JNDs G1 Post JNDs G2 20 0.91 r 83% speeded discrimination task (G1 = Group 1,
G2 = Group 2). Part a reports the correlation
b.) Pre-JNDs and speeded discrimination (Fig. S20) between the preliminary (Pre-JNDs) and
Pre-JNDs G1 Speed RTs of G1 20 0.13 0.58 2%  post-hoc JNDs (Post-JNDs); part b the cor-
Pre-JNDs G1 Speed ERs of G1 20 0.16 0.49 3y, ~felations between preliminary JNDs and
performance in the speeded discrimination
Pre-JNDs G1 Speed RTs of G2 20 -0.15 0.52 2% task (Speed RT = response times, speed ER
Pre-JNDs G1 Speed ERs of G2 20 0.24 0.31 6% = error rates in speeded discrimination task);

c.) Post-JNDs and speeded discrimination (Fig. 20)

part ¢ correlations between the post-hoc

JNDs and performance in the speeded dis-

Post-JNDs G2 Speed RTs of G1 20 -0.31 0.19 10% . .
crimination task; and part d correlations be-

Post-JNDs G2 Speed ERs of G1 20 -0.17 0.47 3% tween the differences between preliminary

Post-JNDs G2 Speed RTs of G2 20 -0.34 0.14 12%  and post-hoc JNDs on the one hand, and

Post-JNDs G2 Speed ERs of G2 20 -0.12 0.62 19% Performance of the second group in the

a) IND differences (Fig. S19) speeded discrimination task on the other.

JND diff (G1-G2) Speed RTs of G2 20 -0.68 ok 47%

JND diff (G1-G2) Speed ERs of G2 20 -0.72 ok 52%
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Table 7.a reports the correlations between preliminary and
post-hoc JNDs (black and red line in Figure 3.a). As report-
ed in the main article (section “INDs”), the strong correla-
tion shows the similarity between the two JND measure-
ments.

Figure S20 allows for comparing JNDs (thick black
line) and response times in the speeded discrimination task
(thin black line). Correlations across the 20 equally dis-
criminable color pairs were calculated between JNDs and
the response times and error rates in the speeded discrimi-
nation task. For the first group (Figure S20.a), JNDs for the
20 centroids of the 20 color pairs were interpolated based
on the original measurements for the 72 test colors. Results
are summarized in Table S7.b-c. Preliminary and post-hoc
JNDs were not correlated to the performance in the speed-
ed discrimination task for any of the two groups (among all
8 correlations: max. R* = 12%, min. p = 0.14). As reported
in the main article (section “JNDs”), these results show that
the patterns of ]NDs across hues differed from the patterns
of response times and error rates in the speeded discrimina-
tion task.

Differences between preliminary and post-hoc JNDs
(Fig. S19)

We assessed the potential impact of differences be-
tween preliminary and posthoc JNDs on the control of
discriminability in the speeded discrimination task. The
color pairs in the speeded discrimination task differed by 2
JNDs according to the preliminary JNDs of the first group.
We recalculated the differences of two JNDs based on the
aggregated post-hoc JNDs of the second group.

Results are shown in Figure S19.a. The x-axis corre-
sponds to hue angle in DKL-space (for comparison with
Figure 3.a), and the y-axis corresponds to equally discrimi-
nable differences between the two colors of a stimulus pair,
measured in numbers of ]NDs. The horizontal black line
shows the equally discriminable differences between the
colors in each pair when determined by the preliminary
JND:s (i.e. those shown by the black line in Figure 3.a). Due
to the production of the color pairs, the difference shown
by this black line is 2 JNDs for all stimulus pairs. The solid
black curve above the colored area, refers to the equally
discriminable differences determined by the post-hoc JNDs
(i.e. those shown by the dashed red line in Figure 3.a). Each
data point on this curve corresponds to the center of one of
the 20 color pairs. If this curve is higher than 2 JNDs, this
implies that the difference between the colors of the respec-
tive color pair would be larger than 2 JNDs when re-
evaluated with the post-hoc JNDs, and vice versa.

In general, the curve for the posthoc JNDs varied
around the 2-JND line of the preliminary JNDs, indicating
that the two measurements yielded more or less the same
absolute differences. However, at the pink-orange, yellow-

Witzel & Gegenfurtner (2015)

http://journalofvision.org S23

green, and purple-pink boundary, the curve for the post-hoc
JND:s is higher, and for the yellow, green, and pink center it
decreases. Moreover, around the blue-green transitional
pair the post-hoc measurements were particularly high. This
implies that there were some tendencies of this curve to be
high where response times (green curve) and error rates
(red curve) were low in the speeded discrimination task and
vice versa.

These observations suggest that the stimulus pairs that
yielded comparatively low performance in the speeded dis-
crimination task (Figure 4) also yielded lower sensitivity
(higher JNDs) in the posthoc JND measurements as com-
pared to the preliminary JND measurements.

In particular, the differences between the JND meas-
urements were in line with patterns of performance that
were attributed to category effects. Colors at the category
centers (pink, yellow, green, maybe purple) resulted in
comparatively low performance in the speeded discrimina-
tion task. These colors were also less discriminable in the
post-hoc JND measurements than predicted by the prelimi-
nary measurements. This is shown by the fact that distances
of 2 JNDs were particularly low for those colors when
measured by the post-hoc instead of the preliminary J]NDs
(Figure S19.a).

In addition, they were also coincident with the patterns
in the blue category that contradicted category effects. In
particular, the bluegreen transitional and the blue center
pair yielded particularly high performance in the speeded
discrimination task. According to the post-hoc measure-
ments, they were also more discriminable than predicted by
the preliminary JNDs, as illustrated by the fact that distanc-
es of 2 JNDs are larger when measured by the post-hoc in-
stead of the preliminary J]NDs (Figure S19.a).

We assessed the strength of the relationship of the dif-
ferences between the two JND measurements to the dis-
crimination performance in the speeded discrimination
task. For this purpose, we calculated the correlations be-
tween those JND differences (black solid curve in Figure
S19.a) on the one hand, and the response times (green
dashed curve in Figure S19.a) and error rates (red dashed
curve in Figure S19.a) in the speeded discrimination task.
The correlations are illustrated by Figure S19.b and statis-
tics are summarized in Table S7.d.

Indeed, the differences between the two kinds of JNDs
were negatively correlated with the response times (r(20) =
0.68, p < 0.001) and error rates (r(20) = 0.72, p < 0.001) of
the second group. These correlations even persist after ex-
cluding the 3 blue stimuli that contradicted a categorical
pattern of response times and error rates (r(17) = -0.57, p =
0.001; r(17) =-0.63, p < 0.001). These correlations suggest a
relationship between the ]ND measurements and speeded
discrimination.
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Figure S19. Differences between preliminary and posthoc JNDs. Panel a illustrates equally discriminable stimuli when determined by
the post-hoc JNDs. The main black curve corresponds to the number of post-hoc JNDs of the second group that fit into the color differ-
ences defined by 2 JNDs of the first group. The horizontal grey line corresponds to 2 JNDs according to the preliminary IND measure-
ments with the first group. The dashed lines show the profile of the response times (“RT”, green) and error rates (“ER”, red) of the sec-
ond group in the speeded discrimination task (same as in Figure 4.c-d). Apart from that format as in Figure 4 of the main article. Panel
b illustrates the correlation between the differences of the two kinds of JNDs (preliminary and post-hoc) and the response times (green
disks) and error rates (red disks) of the second group in the speeded discrimination task. The lines correspond to the respective regres-
sion lines. Post-hoc measurements (black curve in panel a) yielded slightly different estimates of discriminable differences than predict-
ed by preliminary JNDs (horizontal black line in panel a). These differences correlated with the performance of the second group in the
speeded discrimination task (panel b).

Response times in JND measurements

Supra-threshold response times (Fig. S20)

To test for category effects during JND measurements, we would not have been enough data for all observers and test
determined response times for supra-threshold color differ- colors for differences above 2 JNDs. To account for the
ences in the JND measurements. Only response times for additional variability, medians were used to aggregate re-
trials in which the difference between test and comparison sponse times. All 10 participants from Witzel and Gegen-
was larger than 1 JND were included in the analysis. Due to furtner (2013) were included in the analysis for the first
the adaptive staircase, there were different amounts of data group. For each test-color and each participant, we calculat-
for different participants, and different test-colors. For this ed median response-times across supra-threshold compari-
reason, it was impossible to control the difference between son colors. Averages across participants are shown in Figure
test and comparison more rigorously; for example there S20.
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Figure S20. Supra-threshold response times in JND measure-
ments. Panel a shows data for the first, panel b for the second
group. The x-axis represents hue in azimuth degree, the left y-
axis represents response times, and the right y-axis JNDs as
differences in delta azimuth degree. The green (panel a) and red
(panel b) curve show the average response times for supra-
threshold (> 1 JND) stimuli in the JND measurements. The fat
grey curves in both panels show the JNDs of the preliminary
JND measurements of Witzel and Gegenfurtner (2013) and of
the post-hoc JND measurements, in panel a and b respectively.
They are the same as the black and the red curves in Figure 3.a
of the main article. Transparent areas represent standard errors
of mean across participants. The thin black curve corresponds to
the response times from the speeded discriminations task of the
main experiment (same as in Figure 4.a & c). Consensus cate-
gories are shown as vertical black lines, with color names indi-
cated by their initials above the x-axis. Note that the supra-
threshold response times of the JND measurements (green and
red) were similar in profile to the JNDs (thick grey), but not to the
response times of the speeded discrimination task (thin black).
Moreover, in the second group response times were much high-
er in the speeded discrimination task than in the JND measure-
ments.
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Comparison with JNDs and speeded discrimination
(Tab. S8)

To test whether supra-threshold response times followed
the pattern of JNDs, we calculated correlations between
those response times (green and red curves, respectively)
and the JNDs (thick grey curves in Figure S20). Table S8.a
summarizes the results. Response times and JNDs were pos-
itively correlated across hues in both groups (1(72) = 0.72, p
<0.001, R* = 52%, and r(20) = 0.88, p < 0.001, R*= 77%).
These correlations show that the response times for supra-
threshold stimuli during JND measurements followed
closely the JNDs that resulted from the adaptive staircase in
this task.

In contrast, the patterns of supra-threshold response
times in the ]ND measurements were different from those
of the response times and error rates in the speeded dis-
crimination task. Correlations across stimuli were calculat-
ed between the supra-threshold response times of the JND
measurements on the one hand (green and red curves in
Figure S20), and the response times and error-rates in the
speeded discrimination task, on the other (thin black
curves in Figure S20). As above, ]NDs of the first group
were interpolated for the 20 color pairs based on the origi-
nal 72 JNDs.

Results are summarized in Table S8.b. The correlation
between the supra-threshold response times in the JND
measurements and the errorrates in the speeded-
discrimination task were marginally significant for the sec-
ond group (r(20) = 0.42, p = 0.07, R? = 18%); but none of
the other 3 measurements of speeded discrimination (re-
sponse times for both groups, error rates for first group)
shared any variance with the respective response times of
the JND measurements (all R*= 0%, min. p = 0.75).

These results show that the supra-threshold response
times in the JND measurements showed a similar pattern
across test-colors as the JNDs measured in this task, but not
as the supra-threshold response times and error rates meas-
ured in the speeded discrimination task.

Consequently, those supra-threshold response times of
the JND measurements show as few categorical patterns as
the ]NDs. In particular, the response times in the pink and
green category, and maybe in blue, were above the bounda-
ry line for the first group (green curve in in Figure S20.a),
as it was the case for JNDs (Witzel & Gegenfurtner, 2013).
In the second group, the response times of pink, yellow,
and green, but not orange and purple, showed a categorical
pattern (red curve in in Figure S20.b). The absence of cate-
gorical patterns for several categories contradicts the idea
that these patterns are specific to the categories, as predict-
ed by category effects.

Finally, Figure S20 also highlights the particularity of
the second group’s response times in the speeded discrimi-
nation task as compared to those of the first group and
those in the JND measurements. In the first group (Figure
S20.a), the green curve and the thick grey curve lie almost
upon each other. This illustrates that the overall size of re-
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sponse times was similar for supra-threshold stimuli in the
preliminary JND measurements and the speeded discrimi-
nation task. In contrast, response times of the second group
strongly differed in size across the two kinds of tasks. The
speeded discrimination task yielded much slower response
times than the JND measurements in the second, but not
in the first group.

1. Measure 2. Measure n r p R?
a.) JNDs
Pre-JNDs G1 JND-RTs G1 72 0.72 ko 52%

Post-JNDs G2 JND-RTs G2 20 0.88 wrx 7%

b.) Speeded discrimination

JND-RTs G1 Speed RTG1 20 -0.01 0.95 0%
JND-RTs G1 Speed ERG1 20 0.07 0.75 0%
JND-RTs G2 Speed RTG2 20 0.04 0.85 0%
JND-RTs G2 Speed ERG2 20 0.42 ° 18%

Table S8. RTs during JND measurements. Correlations between
supra-threshold response times during JND measurements on
the one hand, and JNDs (a) and performance in the speeded
discrimination task (b) on the other hand.

Development during JND measurements

Development of response times across blocks

Figure 7 of the main article illustrates how supra-threshold
response times develop across blocks and sessions of the
JND measurements. Both groups increased their speed
across sessions and blocks, yielding a significant negative
correlation between supra-threshold response times and
blocks in the first (r(144) = -0.76, p < 0.001, R* = 58%) and
second group (r(60) = -0.54, p < 0.001, R? = 29%). These
results show that the task of the JND measurements strong-
ly reduced response speed for supra-threshold stimuli.

At the end of the preliminary ]ND measurements, the
first group reached response times close to the ones they
had in the speeded discrimination task (Figure 7.a). The
first group’s response times in the speeded discrimination
task were still lower than at the end of the preliminary JND
measurements. Hence, this group still increased its speed
when starting the main experiment (horizontal green line
in Figure 7.a). This indicates that the training effects of the
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JND measurements were transferred to the speeded dis-
criminations task.

The second group (Figure 7.b) followed a similar learn-
ing curve throughout the JND measurements as the first
group, but at a slightly higher level of response times. The
fact that the second group did not reach the speed of the
first group at the end of the JND measurements might be
due to the fact that the post-hoc measurements involved
less measurements. They required less than half of the
blocks (60 blocks in 6 sessions) compared to the prelimi-
nary JND measurements (144 blocks in 12 sessions).

Category effects across sessions (Fig. S21-S22)

We examined whether category effects depend on training
and experience with the JND measurements. In particular,
we tested whether category effects existed at the beginning
of the ]ND measurements, and disappeared over time. For
this purpose, we considered both, the pattern of JNDs and
the pattern of supra-threshold response times. We exam-
ined the development of these measures across sessions of
repeated measurements.

First, we inspected the development of JNDs across re-

peated measurements (Figure S21). In particular, we con-
trasted the first and the last of the repeated measurements
to disentangle potential category effects at the beginning
from the variation of JNDs at the end of the ]ND meas-
urements (lower row of Figure S21). There was no evidence
for any traces of categorical patterns in these contrasts, nei-
ther for the first (Figure S21.b), nor for the second group
(Figure S21.d).
Second, we examined the development of supra-threshold
response times during JND measurements (Figure S22).
Again, we contrasted the first and the last measurements
(lower row of Figure 22). There were no traces of categori-
cal patterns in the contrasts of the first group (Figure 22.b).
In the second group, there were slightly stronger categorical
patterns for green and purple in the first measurements
compared to the last measurements (Figure 22.d).

In sum, at no point in time there were any consistent
category effects for the first group. This result supports the
idea that the JND measurements counteract category ef-
fects. In contrast, the second group showed some faint sup-
port for the idea that there were some traces of category
effects in the supra-threshold response times at the begin-
ning of the ]JND measurements as compared to the end of
the JND measurements. This latter result is in line with the
idea that the second group carried over category effects
from the speeded discrimination task, and that these effects
disappeared because the JND task counteracted category
effects.
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Figure S21. JNDs across sessions. Panel a shows the first (red) and the second (blue) of two repeated measurements in the prelimi-
nary JND measurements with the first group of participants. Panel b shows the differences between the first and the second measure-
ments (i.e. difference between red and blue curve in panel a). Panel c illustrates the first (green), second (turquoise), and third (blue)
measurements of JNDs in the post-hoc JIND measurements with the second group. Panel d shows the difference between the first and
the third measurement (i.e. between the green and the blue curves in panel ¢). Format as in Figure S20. Note that the different
measurements of INDs were fairly stable across time, and there were neither categorical patterns in the differences between first and
last IND measurements in the first group (panel b), nor in the second group (panel d).
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Figure S22. Supra-threshold response times across sessions of JND measurements. Panel a shows the response times for discrimi-
nating supra-threshold color differences in the first (red) and second (blue) of two repeated measurements in the preliminary JND
measurements with the first group. Panel b depicts the differences betweeen the response times of the first (red curve in panel a) and
the second measurements (blue curve in panel a). Panel c illustrates the supra-threshold response times during the first (green),
second (turquoise), and third (blue) repeated measurements of the post-hoc measurements with the second group. Panel d shows the
difference between the first (green curve in panel ¢) and the last (blue curve in panel c) post-hoc measurements. Apart from that, format
as in Figure S21. Note that there were no categorical patterns in the differences between first and last response time measurements in
the first group (panel b), and some categorical patterns in those differences of the second group, but only for green and purple (panel
d).
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