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The aim of this investigation was to examine the time course and the relative contributions of perceptual
and post-perceptual processes to categorical perception (CP) of color. A visual oddball task was used with
standard and deviant stimuli from same (within-category) or different (between-category) categories,
with chromatic separations for within- and between-category stimuli equated in Munsell Hue. CP was
found on a behavioral version of the task, with faster RTs and greater accuracy for between- compared
to within-category stimuli. On a neurophysiological version of the task, event-related potentials (ERPs)
showed earlier latencies for P1 and N1 components at posterior locations to between- relative to
within-category deviants, providing novel evidence for early perceptual processes on color CP. Enhanced

P2 and P3 waves were also found for between- compared to within-category stimuli, indicating a role for
later post-perceptual processes.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Although the color spectrum is continuous, we perceive it as a
number of qualitatively discreet ‘perceptual categories’ that we la-
bel in English with terms such as red, green, yellow, and blue. Cate-
gorical differences between colors also appear to affect color
discrimination. For example, adults are faster and more accurate
at discriminating between two colors that cross a category bound-
ary (between-category), than two colors from within the same cat-
egory, even when the difference in hue is equated for between- and
within-category stimulus pairs (e.g., Bornstein & Korda, 1984). This
is termed Categorical Perception (Harnad, 1987), and equivalent
effects are found in other domains such as speech perception
(e.g., Pisoni & Tash, 1974) and perception of facial expressions
(e.g., Etcoff & Magee, 1992).

Despite the robustness and generality of the category effect
shown in color CP, the nature of CP is a matter of debate. On the
one hand, as the term implies, the category effect could be due
to greater perceptual discriminability around category boundaries
than discriminability within categories (e.g., Harnad, 1987). Such
‘warping’ of color space could be innate (e.g., Bornstein, Kessen,
& Weiskopf, 1976; Franklin & Davies, 2004), or it could be learned
under the influence of language, as the Whorfian hypothesis sug-
gests (e.g., Davies & Corbett, 1997; Roberson, Davidoff, Davies, &
Shapiro, 2004). On the other hand, the category effect could be
due to the direct or ‘on-line’ use of language during task perfor-
mance (e.g., Kay & Kempton, 1984; Roberson & Davidoff, 2000).
Comparison of some form of linguistic representation, such as a la-
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bel, could contribute to discrimination decisions (e.g., Bornstein &
Korda, 1984; Caramazza, 1997).

The argument over perceptual versus linguistic accounts of CP is
unresolved because performance on many of the tasks used to
investigate color CP could be influenced by perceptual processes,
or by linguistic processes, or by both. To determine whether linguis-
tic or perceptual processes (or both) underpin color CP, manipula-
tions that differentially affect linguistic and perceptual processes
are required, such as blocking the use of language (e.g., Pilling,
Wiggett, Ozgen, & Davies, 2003; Roberson & Davidoff, 2000;
Winawer et al., 2007), or using ‘markers’ that indicate the presence
(or absence) of perceptual and linguistic processes. To this end,
some neurophysiological markers of perception are found to be gen-
erally impervious to semantic and syntactic manipulations. These
include early event-related potential (ERP) components, such as
the P1 and N1 (see below; see also Khateb et al., 1999; Rugg & Coles,
1995), making an ERP approach a powerful means of examining per-
ceptual contributions to color CP. The current investigation there-
fore takes a new approach to investigating the nature of CP, using
ERPs to assess the contribution of early perceptual processes to
the effect. The contribution of later post-perceptual processes can
also be assessed, but any conclusions here must be limited as later
ERP components may reflect a number of different processes,
including linguistic or memorial (e.g., Rugg & Coles, 1995).

Because of their excellent temporal resolution, ERPs recorded
during a typical CP-task have the potential to show when categorical
effects occur during the processing stream, and to distinguish early
perceptual effects from later post-perceptual (possibly linguistic) ef-
fects (see Rugg & Coles, 1995). The ‘oddball’ paradigm — detecting
infrequent (deviant) stimuli among high-frequency (standard) stim-
uli — is particularly appropriate for the examination of categorical
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perception as the waveforms elicited by deviant stimuli correspond
to processes involved in event categorization. Previous neurophysi-
ological demonstrations of non-color CP in adults, for example, re-
veal evidence for larger amplitude and earlier onset ERP
components to between-category relative to within-category stim-
uli, in oddball studies investigating phoneme CP (e.g., Chudaduan-
gratn, Sittiprapaporn, & Kotchabhakdi, 2004; Dehaene-Lambertz,
1997) and CP of facial expressions (e.g., Campanella et al., 2002; Ros-
signol, Anselme, Vermeulen, Philippot, & Campanella, 2007).

The succession of ERP waves elicited by an oddball paradigm is
P1,N1,P2,N2 and P3, where Pand N indicate positive-going and neg-
ative-going components, respectively, and the number indicates a
component’s ordinal position within the waveform. The P1 compo-
nent (~80-120 ms post-stimulus) and the early phase of the N1
component (~130-190 ms post-stimulus) correspond to early per-
ceptual and sensory processes in the brain (e.g., Polich, 1999). These
components have been localized to extrastriate regions of occipital
cortex (e.g., Di Russo, Martinez, Sereno, Pitzalis, & Hillyard, 2002),
and they are sensitive primarily to the physical characteristics of
sensory stimuli, but have also been shown to be modifiable by
manipulations of attention (e.g., Luck, Woodman, & Vogel, 2000;
Sanders & Astheimer, 2008; Taylor, 2002). The P2, N2 and P3
components (210-270, 280-340, 350-600 ms, post-stimulus,
respectively), with their broad scalp distributions, reflect primarily
post-perceptual stimulus evaluation processes, and are exquisitely
sensitive to target probability (Patel & Azzam, 2005). Low probabil-
ity (deviant) stimuli have been shown to elicit enhanced P2, N2 and
P3 waveforms in comparison with high probability (standard) stim-
uli (e.g., Luck & Hillyard, 1994; Patel & Azzam, 2005). The P3 compo-
nent, in particular, has received substantial attention in the
literature. Two primary subcomponents of the P3 have been identi-
fied: P3a and P3b (see Polich, 2007, for a review). The P3a has been
linked to the top-down switching of attention by frontal brain sys-
tems towards rare or physically alerting stimuli (e.g., McCarthy,
Luby, Gore, & Goldman-Rakic, 1997), whereas the P3b has been pro-
posed to reflect subsequent context-updating and memory storage
operations in temporal/parietal areas (e.g., Donchin & Coles, 1988;
Donchin, Spencer, & Dien, 1997), and is particularly sensitive to
the task relevance of a stimulus. These two components frequently
overlap in time and are not always easy to distinguish. In this report,
the P3 label refers to either of these components.

There has been one previous published ERP study of color CP
(Fonteneau & Davidoff, 2007). In this study, the authors used an
oddball task requiring the detection of infrequent cartoon charac-
ters among a stream of frequent color ‘patches’. There were two
kinds of color stimuli in a block, a frequent color and an infrequent
(deviant) color differing only in hue (constant lightness and satura-
tion), but no differential response to the colors was required. The
critical manipulation was the nature of the difference between
the two colors: they were either from the same category (two
greens: G1-G2) or from adjacent categories (a green and a blue:
G1-B1) but the hue difference between stimuli in a pair was the
same for within- and between-category pairs.

Analysis of the ERP waveforms revealed several differences for
within- and between-category conditions. First, the deviant stimu-
lus elicited an ERP with greater amplitude relative to the frequent
stimulus (oddball effect) within the 160-200 ms time range for
both the between-category and the within-category pairs, and this
extended to the 160-280 ms time range for the within-category
pair only. The longer time range of this oddball effect for the with-
in-category pairs was interpreted as evidence for more difficult
within- than between-category discrimination.

Second, Fonteneau and Davidoff calculated difference waves
where the waveform for the standard stimulus was subtracted
from the waveform for the deviant stimulus, for both between-
and within-category conditions. The peak latency (the time at
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Fig. 1. Diagrammatic representation of four stimuli: two blue (B1 and B2) and two
Green (G1 and G2). The dashed line represents the blue-green boundary. Stimulus
separations in adjacent pairs are equated in hue difference.

which the ERP amplitude reached its maximum) for the be-
tween-category difference waveform occurred at 195 ms, which
is 19 ms earlier than for the within-category difference waveform.
This difference in peak latency for within- and between-category
conditions was interpreted as a neural correlate for color CP. The
effect arose over a late phase of the N1 time frame (i.e., post-
190 ms), arguably reflecting processes that relate to post-percep-
tual stages of stimulus classification and target probability. Such
an interpretation is consistent with previous study findings (see,
e.g., Hopf, Vogel, Woodman, Heinze, & Luck, 2002; Ritter, Simson,
& Vaughan, 1983; Vogel & Luck, 2000). Ritter et al. (1983), for
example, argued that whereas the early phase of the N1 corre-
sponded to discriminative perceptual processing, the late phase
of the N1 extending into the N2 component reflected subsequent
post-perceptual stimulus classification.

The study we report here also looked for differences for within-
and between-category deviants in the ERP trace, but differed in a
number of ways from Fonteneau and Davidoff’s study. First, as with
their study, each block contained standard and deviant stimuli, but
in our case there were two deviant colors, one from the same lin-
guistic color category as the standard, and one from a different lin-
guistic color category. For example, for the standard B1 (a blue),
the deviant stimuli were B2 (a different blue) and G1 (a green;
see Fig. 1). Second, we used much smaller within-pair color differ-
ences than Fonteneau and Davidoff. Our largest hue difference was
about half their’s (~25AE compared to 56AE).! Our hue separations
are more typical of those normally used in color CP experiments,
where 2.5-5 hue steps in Munsell color space? (~12-25AE) are com-

! AEisthe Euclidean distance between two points in the CIE (L*u*v*, 1976) color space.
Lis lightness, u is the red-green axis and v the blue-yellow axis (see Hunt, 1987). The
color space is appropriate for describing differences in color appearance, where equal
distances in the space are intended to correspond with equal perceptual distances.

2 The Munsell system. Munsell color space has three dimensions: Hue, Value

(lightness) and Chroma (colorfulness, rather like saturation). In Munsell notation, the
higher the Value the lighter the colors are, and the higher the Chroma, the more
colorful they are. The Hue dimension is circular, as in Newton'’s color circle, and the
Hue is designated by abbreviations of five main Hues: R (red), Y (yellow), G (green), B
(blue) and P (purple), and combinations of the main hues such as BG to designate
intermediate hues. Within a Hue segment, variations in Hue are indicated by numbers
preceding the Hue code, such as 7.5BG, 10BG 1B, 5B etc. (see Fig. 2).
The original Munsell system was intended to be perceptually uniform — equal
numerical separations within a dimension represent equal perceptual differences —
but there were faults in the spacing. The spacing was adjusted based on an extensive
program of psychophysical judgments (40 English speaking observers making some
3,000,000 judgments; Newhall, Nickerson, & Judd, 1943). The judgments were made
using variants of the ‘ratio method’; for instance, observers made magnitude
judgments of the ratio of the perceived Hue difference between pairs A-B, B-C and
A-C, with Chroma and Value held constant (Newhall, 1939). At the revised color
spacing, at constant Chroma, equal numerical differences in Hue represent equal
perceptual differences across the Hue scale. Our stimuli were taken from the Green
(G) to Blue (B) segment of the Hue scale (see Fig. 2) at constant Chroma (7) and Value
(5) and the Hue differences between adjacent pairs were equal within each set of four
Hues at 5 and 7.5 Hue steps. Note that the perceptual distance between Hue steps
increases with Chroma; Fonteneau and Davidoff's (2007) stimuli were at Chroma 10
compared to our Chroma 7, and thus the separations cannot be compared within the
Munsell system; rather we have used CIE distance to make the comparison (see
footnote 1).
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monly used (e.g., Drivonikou et al., 2007). Note, we are not suggest-
ing that these rather unusual features of their stimuli undermine
their results, but it would be useful to check that equivalent results
obtain when more standard procedures are used. Further research
is also needed to clarify whether color CP can occur before the
completion of perceptual processing, as this was not clearly dem-
onstrated in Fonteneau and Davidoffs study. It is known that
top-down attention, through the implementation of ‘attentional
sets,’ can facilitate perceptual sensitivity at even the earliest stages
of visual processing (e.g., Luck et al., 2000; Sanders & Astheimer,
2008; Taylor, 2002). It is possible therefore, that sensitivity to early
perceptual effects of CP will be greater if attention is explicitly di-
rected towards the color dimension for the detection of deviant col-
or stimuli. Therefore, in contrast to Fonteneau and Davidoff’s task,
which required the detection of irrelevant cartoon characters, here,
we asked participants to engage in the explicit detection of deviant
color stimuli, and also presented stimuli for a longer duration of
400 ms (their presentation time was 200 ms). A further difference
between the two studies is that whereas Fonteneau and Davidoff
recorded ERPs up to 300 ms post-stimulus onset, we recorded up
to 1000 ms, to establish the presence of classic ‘oddball’ P3 effects
to infrequent color stimuli, thereby confirming the reliability of our
task. Finally, in contrast to their study, we also assessed CP effects
using behavioral measures.

Behavioral data were collected on a separate group of partici-
pants using reaction time (RT) and accuracy as the dependent vari-
ables to establish the suitability of our version of the oddball task
for testing for color CP. In both ERP and behavioral tasks, two sets
of stimuli were used to reduce the risk of habituation to the odd-
ball stimuli. A naming task confirmed that the stimuli were named
green and blue as intended. In the behavioral version of the task, it
was predicted that a color CP effect would be revealed by a pattern
of faster and more accurate identification of between- relative to
within-category stimuli.

In the ERP task, mean amplitude and peak latency measures of
the P1, N1, P2, N2 and P3 components were compared first across
standard and deviant stimuli, in order to detect the presence of a
typical oddball (deviant stimulus) effect. Next, these components
were compared across within- and between-category deviant
stimuli so as to assess the temporal characteristics of the categor-
ical perception of color. A stimulus control ERP task was also con-
ducted to assess whether perceptual differences between the color
stimuli, such as differences in salience or detectability, would be
present in the form of differential ERPs even when the stimuli were
presented outside of the context of within- and between-category
events. A sequence of each of the test stimuli was presented alone
and ERPs recorded.

2. Methods
2.1. Stimuli and apparatus

The stimuli were from the blue-green region of color space and
consisted of two sets of four colors varying only in Munsell hue;
chroma (saturation) and value (lightness) were constant at 7 and
5, respectively (see Fig. 2). Within each set the separation in Mun-
sell hue units between adjacent stimuli was equal (at 5 units for set
1 and 7.5 units for set 2). The two sets were further divided into tri-
ads of adjacent stimuli consisting of a standard plus a within-cat-
egory deviant and a between-category deviant. One triad had the
boundary blue as standard and the other had the boundary green
(see Table 1).

Each stimulus was a square with a visual angle of 7.3°, centered
in the middle of the monitor screen on a gray background
(Y=65.49, x=0.316, y = 0.345). The same gray color was used for

oreen | BLUE
|
SET 1 | L

5 STy | 106 5BG : 10BG 5B
|
|

SET 2 .

75 Oir3)| 66 3.5BG|—j—{ 1B 8.5B

|
|

MUNSELL HUE

Fig. 2. Munsell codes of the stimuli for set 1 (5 Munsell hue unit separations) and
set 2 (7.5 Munsell hue unit separations). The dashed line shows the intended green-
blue linguistic boundary.

Table 1
Stimulus triads taken from the two sets of stimuli

Triad Set Stimulus type

S WD BD
1 1 5BG 10G 10BG
2 1 10BG 5B 5BG
3 2 3.5BG 6G 1B
4 2 1B 8.5B 3.5BG

Standard (S), within-category deviant (WD) and between-category deviant (BD)
stimuli are indicated for each triad.

the blank screen that separated stimulus presentations. Stimuli
were presented on a calibrated 21-in Sony Trinitron CRT monitor
(model GDM-F520) with a Dell Pentium 4 computer. Stimulus pre-
sentation was controlled with E-Prime software (Schneider, Esch-
man, & Zuccolotto, 2002). Chromaticity co-ordinates of stimuli
were verified with a Cambridge Research Instruments ColorCal col-
orimeter at regular intervals throughout the data collection period.

2.2. Naming task

2.2.1. Participants

Thirty-five volunteers did the naming task (18 women and 17
men; 18-35 years old; mean age: 23.8 years). Informed consent
was obtained from all participants.

2.2.2. Procedure

Participants were seated in a dark laboratory, 70 cm away from
the computer screen, and this arrangement was adopted for all
tasks. Participants did the naming task after the behavioral or
ERP tasks (see sections below). The eight stimuli were presented
in a randomized order for 400 ms each and were separated by an
inter-trial interval that varied randomly between 1300 and
1600 ms. Participants were instructed to press one of two buttons
on a response box (left or right) to signify what color they per-
ceived each stimulus to be (their choice being limited to either
green or blue). They were asked to do this as quickly and as accu-
rately as possible. The assignment of ‘green’ and ‘blue’ to each re-
sponse button was counterbalanced across participants.

2.3. Behavioral task
2.3.1. Participants

Twenty-one participants who took part in the naming task also
took part in the behavioral task (11 women and 10 men; 18-35
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years old; mean age: 23.6 years). All had normal or corrected-to-
normal vision and had no sign of ‘red-green’ color vision deficiency
as assessed by the Ishihara test for color blindness (Ishihara, 1987).

2.3.2. Procedure

There were four blocks of 92 trials (one block for each triad),
with the standard repeated 76 times (82%), and deviant within-cat-
egory and deviant between-category stimuli occurring 8 times (9%)
each. This resulted in a total of 368 trials (304 standard; 32 deviant
within-category; 32 deviant between-category). The order of the
four blocks was counterbalanced across participants. Each se-
quence of 92 trials started with the presentation of eight standard
stimuli, and there were no immediate repetitions of deviant stim-
uli. Participants were instructed to press one of two buttons on a
response box (left or right) to indicate the type of stimulus (stan-
dard or deviant), as quickly and as accurately as possible. Response
button assignments were counterbalanced across participants.
Stimuli were presented for 400 ms and were separated by an in-
ter-trial interval that varied randomly between 1300 and
1600 ms. These stimulus parameters were chosen on the basis of
piloting and previous oddball investigations. A practice block of
100 trials was performed before the experimental session. The
practice block was split into two halves, each half using a different
triad, and each triad consisting of hues that differed from those
used in the experimental trials.

2.4. ERP task

2.4.1. Participants

Fourteen participants took part in the ERP task prior to complet-
ing the naming task (7 women and 7 men; 18-34 years old; mean
age: 24.2 years). All had normal or corrected-to-normal vision and
had no sign of red-green color vision deficiencies as assessed by
the Ishihara test for color blindness (Ishihara, 1987).

2.4.2. Procedure

The ERP task had twice the number of trials as the behavioral
task to ensure that there were sufficient numbers of trials for
ERP analysis. There were four blocks of 184 trials (one block for
each triad), and within each block the standard was repeated 152
times (82%), and deviant within-category and deviant between-
category stimuli occurred 16 times (9%) each. This resulted in a to-
tal of 736 trials (608 standard; 64 deviant within-category; 64
deviant between-category). Each block was divided into two ses-
sions of 92 trials, and there was a self-paced break in between each
session. The order of the four blocks was counterbalanced across
participants. Each sequence of 92 trials started with the presenta-
tion of eight standard stimuli, and there were no immediate repe-
titions of deviant stimuli. Participants were asked to mentally
count the number of deviant (target) stimuli within each consecu-
tive sequence of 92 trials. Counting of deviant stimuli was chosen
(rather than using button-press responses) to eliminate contami-
nation by motor-related ERP activity. A short pause was allowed
at the end of each sequence for the participant to report the num-
ber of deviant stimuli to the experimenter. Additional rare stimuli
were included so that the number of deviant stimuli would not be
identical (i.e., N=16) on each occasion. An additional rare within-
category stimulus was included in one of the blocks (N=17), an
additional rare between-category stimulus was included in an-
other of the blocks (N=17), and two instances of rare category
stimuli (one within, and one between) were included within the fi-
nal block (N =18). Stimuli were presented for 400 ms and were
separated by an inter-trial interval that varied randomly between
1300 and 1600 ms. A practice block of 100 trials was performed be-
fore the experimental session. The practice block was split into two
halves, each half using a different triad, and each triad consisting of

hues that differed from those used in the experimental trials. Par-
ticipants were instructed to maintain their gaze at the center of the
screen, and were also asked to minimize eye blinks and to avoid
any unnecessary movement.

2.4.3. ERP recording

EEG was recorded from Ag-AgCl electrodes and the average of
left and right earlobe references from Fp1, Fp2, F7, F3, Fz, F4, F8,
FC5, FC1, FC2, FC6, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3,
Pz, P4, P8, 01, Iz, 02, P09, PO10 (according to the 10-20 system).
Horizontal electrooculogram (HEOG) was recorded bipolarly from
the outer canthi of both eyes. The impedance for electrodes was
kept below 5 kQ, and EEG and EOG were sampled online with a
digitization rate of 1000 Hz. Following EEG recording, data were
down-sampled to 200 Hz to save later computation time, and were
digitally filtered with a low-pass filter at 40 Hz using Neuroscan
software (version 4.3).

EEG and HEOG were epoched off-line relative to a 100 ms pre-
stimulus baseline. Trials with lateral eye movements (HEOG exceed-
ing £ 30 uV), as well as trials with vertical eye movements, eye
blinks (Fp1/Fp2 exceeding +60 nV), or other artifacts (a voltage
exceeding +60 PV at any electrode) measured after target onset,
were excluded from analysis. The percentages of trials included after
artifact rejection were: 61% of standard trials, 60% of between-cate-
gory deviant trials, and 59% of within-category deviant trials.

2.5. Stimulus control ERP task

2.5.1. Participants

A separate sample of 10 volunteers took part in a control task (5
women and 5 men; 24-34 years old; mean age: 26.9 years). Data
from one participant were discarded due to high levels of noise
and eye blink artifacts. All had normal or corrected-to-normal vi-
sion and were screened for ‘red-green’ color vision deficiencies
using the Ishihara test for color blindness (Ishihara, 1987).

2.5.2. Procedure

The experimental set up was the same as for the behavioral, ERP
and naming tasks. The eight stimuli were presented individually in
blocks consisting of 60 trials (one block per stimulus), giving a total
of 480 trials. The order of the eight blocks was randomized across
participants. Stimuli were presented for 400 ms and were sepa-
rated by an inter-trial interval that varied randomly between
1300 and 1600 ms. Participants were just required to fixate the
center of the monitor where the stimulus was presented.

3. Results
3.1. Naming task

The pattern of naming was on average 96% consistent with the
intended nominal categories for each of the colored stimuli, con-

Table 2
The percentage of participants that gave the intended color name for each stimulus,
for Sets 1 and 2

Stimulus Percentage agreement with intended name
Set 1 10G 97.1

5BG 829

10BG 100

5B 100
Set 2 6G 100

3.5BG 91.4

1B 100

8.5B 100
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firming the presence of the green-blue linguistic boundary for
both stimulus sets. The percentages of participants giving the in-
tended name to the stimuli are given in Table 2.

3.2. Behavioral task

3.2.1. Accuracy

Overall accuracy for correct identification of stimuli as standard or
deviant was 94% (SD = 4), and over the three color stimulus condi-
tions, the mean accuracy was highest for standard stimuli (97%,
SD = 3), lowest for deviant within-category stimuli (71%, SD = 17),
and intermediate for deviant between-category stimuli (90%,
SD =9). A one-way repeated measures ANOVA revealed a significant
main effect of stimulus type (standard/deviant within-category/devi-
ant between-category), (F(2,40)=40.54, MSE =3714.13, p <.001).
Planned linear (Helmert) contrasts showed significant differences
in accuracy for standard vs. deviant conditions (F(1,20)=45.26,
MSE = 5692.82, p <.001), and for within- vs. between-category devi-
ant stimuli (F(1,20) = 36.57, MSE = 7266.09, p <.001).

3.2.2. RTs

Trials with errors were discarded (less than 7%) and trials with
RTs greater than 3 standard deviations (SDs) away from the mean
(less than 2% of trials) were excluded from the RT analysis. A one-
way repeated measures ANOVA with a factor of stimulus type
(standard/deviant  within-category/deviant between-category)
was conducted on the remaining participants’ correct RTs. A main
effect of stimulus type (F(2,40) = 54.32, MSE = 89604.98, p <.001)
was due to responses being fastest to standard stimuli (M =293
ms, SD=132), slowest to deviant within-category stimuli
(417 ms, SD = 114), and intermediate to deviant between-category
stimuli (390 ms, SD = 105). Planned linear (Helmert) contrasts re-
vealed a significant difference between standard and deviant RTs,
(F(1,20) = 66.43, MSE =256482.64, p<.001). The difference be-
tween deviant within- and deviant between-category conditions
was also significant, (F(1,20) = 11.33, MSE = 16443.8, p <.01).

3.3. ERP task

3.3.1. Data analysis

Separate averages were computed for all stimulus types (stan-
dard, deviant within-category, deviant between-category). Fig. 3
shows ERPs, across a representative sample of electrode sites where
original EEG recording took place, elicited in response to standard
(solid lines) and deviant (dashed lines for within-category; gray lines
for between-category) stimuli. Analyses of variance were conducted
on ERP mean amplitudes and peak latencies obtained for specific sets
of electrodes within predefined measurement windows. Analyses
focused on anterior (F3/4, F7/8, FC5/6), posterior (CP5/6, P3/4, P7/
8), and midline (Fz, Cz, Pz) electrodes. These analyses were con-
ducted for ERP mean amplitudes and peak amplitudes in response
to stimuli elicited within successive post-stimulus time intervals
(P1-window: 80-120 ms; ‘early phase’ N1-window: 130-190 ms;
P2-window: 210-270 ms; N2-window: 280-340 ms; P3-window:
350-600 ms). These time windows were determined on the basis
of prior research (see Rugg & Coles, 1995, for a review) and inspec-
tion of individual subject waveforms. The analysis was done in two
stages. First, oddball effects were tested by comparing amplitudes
and peak latencies of components for standard and deviant stimuli
(averaged across within- and between-category deviants). This anal-
ysis of oddball effects was performed to establish whether a typical
pattern of ERP waveforms would be generated to deviant colors. Sec-
ond, category effects were tested by comparing deviant within-cat-
egory and deviant between-category stimuli. The earlier occurrence
of P1 and N1 components to between-category stimuli would sug-
gest rapid perceptual processing of category effects, whereas en-

hanced P2, N2 or P3 components would suggest the involvement
of later cognitive or linguistic processes. For all the analyses, re-
peated measures ANOVAs were conducted for the electrode sites
indicated above, with hemisphere (left/right) as a factor for the anal-
yses of anterior and posterior electrode sites only, and electrode po-
sition (i.e., caudality; with three levels) for each of the analyses of
anterior (F3/4, F7/8, FC5/6), posterior (CP5/6, P3/4, P7/8), and mid-
line (Fz, Cz, Pz) electrode sites. Note that hemisphere was included
as afactor because the potential emergence of a left hemispheric bias
for category effects could be indicative of linguistic influences (see,
e.g., Drivonikou et al., 2007; Gilbert, Regier, Kay, & Ivry, 2006). For
all analyses, Greenhouse-Geisser adjustments to the degrees of free-
dom were performed to correct for sphericity violations.

3.3.2. Oddball effects (standard vs. deviant stimuli)

3.3.2.1. Mean amplitude. No reliable ERP oddball effects were pres-
ent within the P1 (80-120 ms post-stimulus) or N2 (280-340 ms
post-stimulus) time ranges at any electrode site, or within the
‘early phase’ N1 time range (130-190 ms post-stimulus) for ante-
rior or midline electrodes. In contrast, a larger N1 component
was elicited at posterior sites to deviant as compared with stan-
dard stimuli (F(1,13)=7.28, MSE = 57.13, p <.05, —0.5 1V deviant,
0.6 1V standard). A greater amplitude to deviant compared to stan-
dard stimuli was also observed within the P2 (210-270 ms post-
stimulus) time range at anterior (F(1,13)=4.95, MSE =64.72,
p<.05, 1.1 puV deviant, -0.2pV standard) and midline
(F(1,13)=10.81, MSE = 94.14, p <.01, 3.5 pV deviant, 1.3 pV stan-
dard) sites. As expected, a prominent positivity with a broad distri-
bution across electrodes was evident for deviant relative to
standard stimuli within the P3 time range (350-600 ms post-stim-
ulus). This observation was substantiated by statistical analyses.
An oddball effect was obtained within the P3 measurement win-
dow at anterior (F(1,13) =5.99, MSE = 119.26, p <.05, 1.2 uV devi-
ant, —0.5 nV standard), midline (F(1,13)=18.84, MSE =384.33,
p<.01, 4.6uV deviant, 0.3 puV standard), and posterior
(F(1,13)=31.95, MSE=465.65, p<.001, 3.9 uV deviant, 0.6 pV
standard) electrodes. The main effects of stimulus type (standard
vs. deviant) were accompanied by interactions between stimulus
type and recording hemisphere at anterior electrode sites (all
F(1,13)>4.80; all p<.05), as mean amplitude differences were
greater for left- as compared with right-hemisphere locations.

3.3.2.2. Peak latencies. Analyses of peaklatenciesrevealed the earlier
onset of P1 (F(1,13) = 13.48, MSE = 1050.0, p < .01, 97.7 ms deviant,
102.7 ms standard), N1 (F(1,13)=5.36, MSE =1400.15, p<.05,
152.9 ms deviant, 158.7 ms standard), and N2 (F(1,13)=4.80,
MSE = 7400.15, p < .05, 298.6 ms deviant, 311.9 ms standard) com-
ponents for deviant as compared against standard conditions at pos-
terior electrodes only. There was no evidence of earlier peak
latencies in deviant conditions for P2 components, and analyses of
peak latencies within the P3 window were not conducted due to
the absence of any identifiable peaks for standard condition compo-
nents within this time range.

Inspection of grand-averaged (see Fig. 3) and individual partic-
ipant waveforms also suggested the presence of a post-P300 slow
wave (SW). This is a slow shifting, sustained negativity believed
to reflect the retention of information in working memory (Gray,
Ambady, Lowenthal, & Deldin, 2004; Ruchkin, Johnson, Grafman,
Canoune, & Ritter, 1992). It is likely that the increased information
load required by the counting and maintenance of deviant items in
working memory for later report was responsible for this effect.

3.3.3. Category effects (deviant within-category vs. deviant between-
category stimuli)

3.3.3.1. Mean amplitude. No significant main effects of category for
mean amplitude were obtained within P1, ‘early phase’ N1, and N2
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ERPs for standard, deviant within-category, and
deviant between-category stimuli
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Fig. 3. Grand-averaged ERP waveforms elicited in the 1000 ms interval following stimulus onset in response to standard (black solid lines), within-category deviant (black

dashed lines), and between-category (gray lines) color stimuli.

measurement windows. A greater positivity for deviant between-
category stimuli was observed within the P2 time window at pos-
terior sites (F(1,13)=5.01, MSE =34.94, p <.05, 3.1 uV between-
category, 2.1 uV within-category). Enhanced positive amplitudes
for deviant between- relative to deviant within-category stimuli
were also found within P3 time windows at anterior
(F(1,13)=10.62, MSE=68.75, p<.01, 1.9 uV between-category,
0.6 vV within-category), midline (F(1,13)=7.05, MSE =54.64,
p<.05, 54V between-category, 3.8 uV within-category), and
posterior (F(1,13) = 8.03, MSE = 75.43, p < .05, 4.7 1V between cat-
egory, 3.2 uV within-category) electrodes. Finally, there were no
significant interactions between category and recording hemi-
sphere (largest F = 3.89, smallest p =.07).

3.3.3.2. Peak latencies. Analyses of peak latencies revealed the
emergence of earlier peaks for between- relative to within-cate-
gory stimuli across the following time windows and electrode
sites: P1 peak at midline electrodes (F(1,13)=5.0, MSE = 629.76,
p<.05, 90.7 ms between-category, 96.2 ms within-category), N1
peaks at midline (F(1,13)=5.07, MSE = 1001.19, p <.05, 146.6 ms
between-category, 153.5ms within-category) and posterior
(F(1,13)=11.31, MSE =3762.05, p<.01, 148.5 ms between-cate-
gory, 157.9 ms within-category) electrodes, and, finally, N2 peaks
at anterior (F(1,13)=4.56, MSE =2251.34, p=.052, 306.8 ms be-
tween-category, 314.1ms within-category) and posterior
(F(1,13)=6.63, MSE=3128.72, p<.05, 296.3 ms between-cate-
gory, 304.9 ms within-category) electrode sites. There was no evi-
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dence of earlier peak latencies in between-category conditions
for P2 components, and analyses of peak latencies within the
P3-window were not conducted in order to maintain compara-
bility with the analyses for oddball effects (standard vs. deviant
stimuli).

3.3.4. Counting task

The mean performance for identifying the occurrence of oddball
events was 97% (SD =6), which confirms that participants were
attending to the stimuli.

3.4. Stimulus control ERP task

3.4.1. Data analysis

Separate averages were computed for the four colors compris-
ing each of the stimulus sets (see Fig. 2). Analyses of variance
were conducted on peak latencies for the P1 and N1 (i.e., percep-
tual) measurement windows. Peak latencies were obtained for
specific sets of electrodes within these predefined measurement
windows (see ERP task above for details). Effects of stimulus were
tested by comparing peak latencies of components across the four
colors that made up each separate stimulus set. These analyses
were performed to ascertain that there were no ERP differences
between the colors that might explain any category-specific ERP
effects at perceptual stages of processing.

3.4.2. Stimulus effects

Importantly, there were no significant main effects of stimulus
for peak latencies across either Set 1 or Set 2 (all Fs<1.73, all
ps > .20) for either of the measurement windows.

4. Discussion
4.1. Summary of findings

The aim of the present study was to investigate the time
course of categorical perception of color by recording ERPs. This
approach allows an assessment of the relative contributions of
early perceptual and later post-perceptual strategies to color
CP. Color CP was investigated across the green-blue boundary,
using two sets of stimuli. A naming task confirmed that the
stimuli straddled the green-blue linguistic boundary. A visual
oddball task was used to assess CP, in which deviant between-
or within-category stimuli had to be detected against the con-
text of a series of standard stimuli. On the behavioral version
of the task, participants responded as to whether stimuli were
standard (frequent) or deviant (infrequent) and the behavioral
measures of accuracy and reaction time were analyzed. As ex-
pected, responses were fastest and most accurate to standard
compared with deviant stimuli. There was also a category effect
on the task, with faster responses and higher accuracy for be-
tween-category relative to within-category stimuli, consistent
with well-established behavioral findings of categorical percep-
tion (e.g., Bornstein & Korda, 1984). This confirmed that the vi-
sual oddball task and the two stimulus sets were suitable for
the investigation of the time course of CP. On an ERP version
of the oddball task, a separate group of participants counted
the number of deviant stimuli and event-related potentials were
recorded. Analysis of the ERP signals revealed patterns typical of
oddball detection, as well as patterns indicating differential re-
sponses to within- and between-category stimuli (category ef-
fects). Finally, a stimulus control ERP task clarified the
independence of these category effects from any simple percep-
tual differences between the color stimuli. These ERP effects are
discussed in detail in the following sections.

4.2. ERP oddball effects: comparisons of standard and deviant stimuli

As in previous studies, our ERP data show typical oddball detec-
tion effects (see Patel & Azzam, 2005; Polich, 2007, for reviews).
These consist of late (P2 and P3) effects indicating the detection
of infrequent events by post-perceptual processes, and early (N1)
effects indicating a rapid detection of infrequent events by percep-
tual processes that may originate in visual brain areas (e.g., Di Rus-
so et al., 2002). An enhanced N1 to infrequent visual stimuli has
been reported before (e.g., Czigler, Balazs, & Pato, 2004; Kenemans,
Grent’t, Jong, & Verbaten, 2003; Potts, Patel, & Azzam, 2004), but is
a less robust finding than P2 and P3 oddball effects. Laterality ef-
fects at frontal sites for these components were also present, with
greater oddball effects at left- as compared with right-hemisphere
locations. This may reflect an effect of language due to the partic-
ipants’ occupation with the counting task.

4.3. ERP Category effects: comparison of within- and between-
category deviants

A pattern of effects emerged that was consistent with categori-
cal perception, with earlier and more pronounced ERP components
to deviant between-category stimuli across a number of electrode
sites and measurement windows. ERP patterns reflecting categori-
cal effects were evident early in the waveform (P1 and ‘early phase’
N1), indicating the involvement of perceptual processes in categor-
ical perception of color, and to a lesser extent, at later stages (P2,
N2 and P3), indicating a role for post-perceptual processes. More-
over, the control task showed there were no differences in sensory
ERPs when stimuli were presented independently of a category-
specific stimulus context, indicating that the effects must reflect
processes involved in the comparison of stimuli (detection of
differences).

4.3.1. Early effects

Shorter ERP latencies to between-category relative to within-
category stimuli were evident for P1 and ‘early phase’ N1 compo-
nents. These components are described in visual ERP studies as
reflecting early visual processing, and are found to be sensitive to
variations in the physical characteristics of an eliciting stimulus
and also to the focus of spatial attention (see reviews by Hillyard,
Vogel, & Luck, 1998; Mangun, 1995). Striate and extrastriate ori-
gins are proposed for posterior P1 and N1 components (Di Russo
et al., 2002; Gomez, Clark, Luck, Fan, & Hillyard, 1994; Heinze
et al., 1994). An early perceptual contribution to color CP is there-
fore suggested by these results, providing an account that is com-
patible with findings in the auditory domain, which reveal that
perception of phonemic categories takes place at a very early stage
in signal processing (e.g., Dehaene-Lambertz, 1997; Nddtdnen, Let-
hokoski, Lennes, & Cheour, 1997). The early visual CP effect in the
current study could reflect a modulation of the P1 and N1 compo-
nents as a result of clearer perceptual discrimination for between-
category as compared to within-category stimuli. The P1 and N1
components have been shown previously to differentiate between,
for example, words or faces and other objects (e.g., Schendan, Ga-
nis, & Kulas, 1998), and between animals and vehicles (e.g., Van-
Rullen & Thorpe, 2001). However, these early ERP effects may
have reflected differences in ‘low-level’ visual properties (e.g.,
luminance, contrast energy, or spatial scale) of the stimulus cate-
gories involved. By contrast, our findings provide arguably one of
the first clear demonstrations of visual categorization on early per-
ceptual ERP components, which cannot be explained simply in
terms of ‘low-level’ perceptual differences. This is because the col-
or separations for standards relative to within-category deviants,
and for standards relative to between-category deviants, were of
equal magnitude, and did not evoke ERP differences when pre-
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sented in isolation during the control task. The current results are
in line with previous suggestions that category effects on early
ERPs reflect the extent to which the observer may have ‘expertise’
or long-term experience with the categories involved (e.g., Schen-
dan et al., 1998), or the extent to which some category distinctions
(e.g., facial emotion; see Eimer & Holmes, 2007) are hard-wired or
convey inherent biological significance (see, e.g., Mollon, 1989, for
a discussion of the evolution of color vision and the biological
advantages of color categorization for perceptual identification).
Either way, the effect of color CP is clearly arising at distinctly early
stages of processing.

Effects of color categorization on ERPs were also shown recently
by Fonteneau and Davidoff (2007) using a passive visual oddball
paradigm, but the CP modulations in their study arose later than
those found in the current study. Color categorization effects in
our study arose between 90 and 100 ms (P1) and again between
145 and 160 ms (‘early phase’ N1). By contrast, in the Fonteneau
and Davidoff study, differences arose between 195 and 215 ms
(‘late phase’ N1), and were therefore not clearly interpretable as
perceptual markers of color CP (cf. Hopf et al., 2002; Ritter, Simson,
Vaughan, & Macht, 1982; Ritter et al., 1983; Vogel & Luck, 2000).
The nature of the task being performed may account for the tem-
poral differences between the two studies. Whereas explicit atten-
tion to the color dimension was required for the detection of
deviant color stimuli in the current study, it was not required in
the Fonteneau and Davidoff study, but rather participants were
asked to detect incidental cartoon characters. This difference could
be responsible for the CP latency differences across the two studies,
as attention to ‘color’ may have increased the sensitivity of the task
to potential color CP effects in our study. An examination of the
modulation of color categorization effects by varying task demands
should be addressed in future research.

In summary, the current findings of P1 and ‘early phase’ N1 ERP
effects to deviant stimuli provide novel neurophysiological evi-
dence for the role of early perceptual processes in CP of color.

4.3.2. Late effects

Although ERP latency effects were evident predominantly for
early components, differences in mean amplitudes were also found
to emerge at later epochs. More specifically, between-category
stimuli elicited larger P2 and P3 amplitudes than within-category
stimuli. These results for later ERP components are consistent with
findings from a recent electrophysiological study investigating cat-
egorical perception of facial expression (e.g., Campanella et al.,
2002), which also found enhanced P3 components to between-cat-
egory stimuli. As was stated earlier in the introduction, these com-
ponents (P2, P3) are usually linked with processes of stimulus
evaluation (Patel & Azzam, 2005), and incorporate essentially any
post-perceptual process that is not related to the preparation of
an overt response (e.g., McCarthy & Donchin, 1981). Consequently,
it would be difficult to identify the specific psychological processes
involved in color CP at these later stages of analysis. However, it re-
mains a clear possibility that processes such as verbal labeling may
contribute to ‘late’ color CP effects in this study (see, e.g., Friedman,
Cycowicz, & Dziobek, 2003, for evidence of language effects on late
ERP components such as the P3), although it should also be noted
that a left hemispheric bias, which might be expected according to
a linguistic account (e.g., Drivonikou et al., 2007; Gilbert et al.,
2006), was not present for these category-specific ERP differences.

5. Conclusion

Although the effect of color CP is well established in behavioral
studies, the nature of color CP has been under considerable debate.
This debate has focused on whether color CP is influenced primar-

ily by perceptual processes or by linguistic processes. A number of
behavioral studies have examined this issue by looking directly at
the contribution of language to the effect (e.g., Franklin & Davies,
2004; Gilbert et al., 2006; Kay & Kempton, 1984; Roberson &
Davidoff, 2000). Here, an alternative approach was taken to under-
standing the nature of color CP, by examining neural ‘perceptual’
markers of the effect. In order to establish the contribution of early
perceptual processes to CP, ERPs were recorded on a visual oddball
task. Unlike the results of a previous ERP study (Fonteneau &
Davidoff 2007), category effects in the ERPs were found in early
perceptual components (P1 and an early phase of N1), with cate-
gory effects apparent as early as 90 ms. In addition, there were also
category effects detectable at later stages (P2, P3) indicating a later,
post-perceptual contribution to color CP. Linguistic accounts of col-
or CP are post-perceptual explanations, and therefore our data,
which implicate perceptual as well as post-perceptual mecha-
nisms, imply that a linguistic theory of color CP is at best incom-
plete. Crucially, these findings provide novel neurophysiological
evidence for the influence of categories on color processing at early
perceptual stages.
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