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Abstract
Among studies on the limit of conscious representation of color at a given instant, some have shown evidence of momentary
awareness of only a single color, while others have not, leading to uncertainty about the factors that influence the limit. In two
experiments, we explored the role of selection history, or recent experience with a trial, which is known to influence the
representations of task stimuli and responses. Two color patches were briefly displayed either simultaneously or sequentially.
In Experiment 1, we presented the two types of trials either in separate blocks or in interleaved couplets. In the former case,
participants could deploy optimal attentional control setting in response to different types of trials with little cost by using recent
experience with a preceding trial and prior knowledge. In the latter case, reconfiguring attentional control setting after each trial
would be costly. In Experiment 2, wemixed the two types of trials randomlywithin a block during testing, but re-grouped them in
data analyses such that the same type of trials was either repeated or not repeated. The results show that accuracy was comparable
between the simultaneous and sequential trials in the block condition in Experiment 1 and in the repeat condition in Experiment 2,
suggesting that two colors were perceived at a time. These results indicate that selection history plays an important role in the
limit of visual awareness in color perception and that the finding of single-color perception reported in previous research might
not be a general phenomenon.
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Introduction

Many everyday activities such as searching for an orange in a
fruit basket or a red car in a crowded parking lot require us to
perceive multiple colors in a visual scene. However, despite
this ubiquitous use of color, how many colors we can con-
sciously perceive at a given moment is a topic of much con-
troversy. According to the Boolean map theory (Huang et al.,
2007; Huang& Pashler, 2007), there is a severe limit in instant
conscious awareness or “access” of information, a termHuang
and colleagues coined to refer to the content of information
that is able to reach the stage of consciousness. While we have
access to multiple locations at a time, for object features such
as color, size, orientation, shape, and so on, the unit of access
is limited to one feature value per dimension. In other words,

if a display consists of a red square and a blue square, in terms
of color perception, only red or blue, but not both, can reach
awareness at a given instant.

One line of evidence in support of single-feature access
comes from experiments that use a simultaneous/sequential
paradigm. In one experiment, Huang et al. (2007,
Experiment 1) showed participants two briefly displayed col-
ored squares that appeared either concurrently (the simulta-
neous condition) or sequentially (the sequential condition) in
alternate displays. This was then followed by a single test
probe. In different tasks, participants judged whether the color
or location of the test probe matched the color or location of
one of the targets. For the color task, responses were more
accurate in the sequential than in the simultaneous condition.
For the location task, no difference was found. These results
are consistent with the proposal that we have simultaneous
access to more than one location, but not to more than one
color.

However, there have also been studies that have shown
different results (e.g., Fitousi, 2019; Hao et al., 2018; Mance
et al., 2012; Miller et al., 2014). Using a paradigm similar but
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not identical to that in Huang et al. (2007), Mance et al. found
equivalent performance in a color task between the simulta-
neous and sequential conditions when the target stimuli
consisted of two colors. When the number of stimuli increased
to three or four, accuracy was higher in the sequential than the
simultaneous condition. Miller et al. also found comparable
performance between the simultaneous and sequential condi-
tions for two colors. These results suggest that the unit of
access is beyond one color at a time.

What might cause the differences in results between these
studies? Mance et al. (2012) noted several built-in contingen-
cies in Huang et al. (2007). These contingencies included
systematic pairing of target colors, systematic pairing of
colors with locations, and temporal contingency in the sequen-
tial condition such that the red or green stimulus always pre-
ceded the blue or yellow stimulus. Mance et al. show that in
the trials with the contingencies performance was superior in
the sequential to the simultaneous condition, replicating the
results of Huang et al. However, in the trials without the con-
tingencies, there were no reliable differences between the two
conditions.

Mance et al.’s (2012) study was not designed to identify the
exact factor that affected the unit of access in color perception.
In the two experiments reported here, we investigated the role
of selection history. Although the deployment of a specific
attentional control setting is traditionally thought to be influ-
enced primarily by top-down factors such as the current selec-
tion goal and bottom-up factors such as the salience of the
target relative to distractors, there is increasing evidence that
past experience, or selection history, also plays an important
role (see Awh et al., 2012, and Kristjànsson & Campana,
2010, for reviews). Selection history has been found to affect
performance immediately (e.g., Chen & Cave, 2015; Leonard
& Egeth, 2008; Maljkovic & Nakayama, 1994), across differ-
ent blocks of trials (e.g., Leber & Egeth, 2006; Yeh et al.,
2014), and even after a week (e.g., Leber et al., 2009). In
Maljkovic and Nakayama, participants searched for an odd-
colored target among distractors of a homogeneous color. The
target could be one of two colors, and the task was to deter-
mine the target’s shape. Responses were faster and more ac-
curate when the color of the target was repeated compared
with when it changed, indicating inter-trial priming. Leber
and Egeth further demonstrated the persistence of a learned
attentional set. In their study, participants searched for color-
defined targets in a stream of rapidly presented stimuli. In the
training phase, one of two attentional sets (i.e., a feature search
mode vs. a singleton search mode), but not both sets, could be
used to perform the task. In the test phase, both attentional sets
could be used. Interestingly, participants continued using the
same attentional set despite the option to use a different one.
These results indicate that past experience with a task plays an
important role in guiding the selection of a specific attentional
control setting.

With regard to the present study, it is possible that the
optimal attentional control setting for the stimuli presented
in a simultaneous versus sequential trial may depend on how
the two types of trials are grouped. Because the targets are
presented concurrently in the simultaneous trials, the extent
of attention zoom needs to be broader and the demand for
attentional resources greater. When the two types of trials
are grouped separately, participants can use their experience
in a preceding trial and knowledge to deploy the optimal at-
tentional control setting. In contrast, when the two types of
trials are mixed within a block, switching between different
attentional control settings can be difficult, if not impossible.
As the demand for attentional resources is higher when the
targets appear simultaneously rather than sequentially (we dis-
cuss this in more detail in theGeneral discussion), with a sub-
optimal attention control setting, performance should be
worse in the simultaneous than the sequential trials.

In the two experiments reported here, we investigated the
role of selection history in color perception by varying the way
in which the simultaneous and sequential trials were grouped. If
the pattern of data between the two types of trials differed as a
function of grouping, this would indicate that selection history
played a role in the unit of access in color perception.

Experiment 1

In Experiment 1, the simultaneous and sequential trials were
grouped in two different ways. In the block condition, they
were presented in different blocks. In the interleave condition,
we followed the method used by Huang et al. (2007) and
presented the two types of trials in couplets. Lower accuracy
in the simultaneous than the sequential trials in the interleave
condition but not in the block condition would indicate that
selection history could have played a role in the results of
Huang et al.

Method

Participants Thirty undergraduate students from the University
of Canterbury took part in the experiment in exchange for
course credits. This sample size was based on Experiment 1
in Huang et al. (2007). As the authors did not report the effect
size, we calculated it using the method described in Lakens
(2013). The effect size was ηp

2 = 0.46. Assuming a smaller
effect size of ηp

2 = 0.20, we performed a power analysis with
G*Power 3.1 (Faul et al., 2009). For α = 0.05 and 95% power,
the recommended sample size was 26. We used a sample of 30
in both Experiment 1 and Experiment 2.

Apparatus and stimuli Stimuli were presented on a PC with a
24-in. monitor, and E-Prime was used to present the stimuli
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and collect responses. Participants were tested individually in
two dimly lit rooms at a viewing distance of about 60 cm.

All the stimuli were presented on a black background (see
Fig. 1). Each trial started with a central fixation, one or two
target displays depending on the experimental condition, a
mask following each target display, and a probe requesting a
response. The fixation was a white cross that subtended 0.3°.
On simultaneous trials, two 1.6° color squares, selected ran-
domly without replacement from a target set that consisted of
red (RGB: 255, 0, 0), green (RGB: 0, 128, 0), blue (RGB: 0, 0,
255), and yellow (RGB: 255, 255, 0) color patches, were
displayed at two of four possible locations at the corner of
an invisible square that subtended 4.8°. On sequential trials,
two squares of different colors were presented sequentially
and in different locations. In both conditions, the targets on a
given trial always had different colors, and both the color and
their locations were randomly selected with equal probability.
The mask display consisted of four identical multi-color
squares. The size of each square was the same as that of the
target, and the four squares were presented at the four possible
locations of the targets. The probe was a single color square. It
matched one of the two targets on half the trials. On the rest of
the trials, it was equally likely to be one of the two colors that
did not appear on that trial.

Design and procedure The experiment used a 2 × 2 repeated-
measures design with Grouping (block vs. interleave) and
Presentation (simultaneous vs. sequential) as the principal fac-
tors. Figure 1 shows the procedure. Each trial started with a
400-ms fixation followed by a blank screen of 400 ms. In the

simultaneous condition, one target display, which consisted of
two color squares, would then appear concurrently. In the
sequential condition, two target displays, each consisting of
one color square, would appear one after the other. In both
conditions, the duration of the target display varied across
trials based on performance (see details below). The offset
of the target display would trigger the onset of a 200-msmask,
and then a 500-ms blank screen. Afterwards, a test probe
would appear at the center of the screen. It would remain on
the screen until response. There was no intertrial interval. The
task was to judge whether the probe matched one of the tar-
gets. Participants pressed the “J” key if the two were the same,
and the “K” key if they were different. Accuracy rather than
speed was emphasized.

In both the block and interleave conditions, the initial du-
ration of the target display was 116 ms. Performance was
assessed every 12 trials or six couplets. If accuracy was be-
tween 65% and 75%, there was no change in duration. If
accuracy exceeded 75%, the duration would decrease by 17
ms. If accuracy fell below 65%, the duration would increase
by 17 ms. The maximum duration was 200 ms and the mini-
mum duration was 33 ms.

Each participant completed two sessions of trials with a
short break between the sessions. In one session (the block
condition), there were three blocks of simultaneous and se-
quential trials, with each block consisting of 48 simultaneous
trials or 48 sequential trials. Participants were informed about
the type of trials at the beginning of each block. The order of
the block was randomized across participants. In the other
session (the interleave condition), the two types of trials were

Fig. 1 Examples of trials from Experiment 1. a A sequential trial. b A simultaneous trial
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presented in couplets, with each couplet starting with a se-
quential trial followed by a simultaneous trial. Altogether,
there were 144 couplets. The order of the sessions was
counterbalanced across the participants, and in both sessions,
participants could take a break after every 48 trials. In total,
each participant completed 576 trials in addition to 24 practice
trials, with 12 trials before each session. The entire experiment
took about 30 min to complete.

Results and discussion

Figure 2 shows the results. One participant’s data were ex-
cluded due to anticipatory responses (18.8% trials faster than
200 ms). A 2 × 2 repeated-measures analysis of variance
(ANOVA) showed higher accuracy in the sequential (75.3%
correct) than the simultaneous (72.6% correct) trials, F(1, 28)
= 6.02, MSe = 33, p = .02, ηp

2 = 0.18. Grouping and
Presentation interacted, F(1, 28) = 5.57, MSe = 16, p = .03,
ηp

2 = 0.17. Accuracy was higher in the sequential (75.9%
correct) than in the simultaneous (71.5% correct) trials in the
interleave condition (p = .002), but not in the block condition
(74.6% and 73.7% correct in the sequential and simultaneous
trials, respectively, p = .85). No significant effect of Grouping
was found (p = .31).

These results indicate that selection history can affect the
unit of access in color perception. In the block condition, in
addition to knowing the trial type, participants could let the
processing strategies on a given trial be determined by recent
experience in a preceding trial. As there was little cost in
deploying the optimal attentional control setting, performance
was comparable between the two types of trials. In the inter-
leave block, although participants still had foreknowledge
about a trial, it was unlikely that knowledge alone could help
them reconfigure the optimal attentional control setting on a
trial-by-trial basis. Previous research on task switching has

shown that the cost in performance, which is typically found
when participants have to switch between two cognitive tasks,
can be reduced but not eliminated, even under ideal conditions
such as when participants have both the knowledge and time
to prepare for the switch (e.g., for reviews, see Kiesel et al.,
2010; Monsell, 2003). Rogers and Monsell (1995) demon-
strated this in a series of elegant experiments. Participants
performed two tasks that were either blocked or alternated
on a predictable schedule. Compared to the block condition,
performance was impaired in the switch condition even with
long response-stimulus intervals (e.g., over 1,000 ms).
Furthermore, the switch cost occurred only on the first trial
of a run in the new task. Based on these and related results, the
researchers proposed that the activation of a task set, i.e., the
optimal control setting for a task, requires the presence of task-
relevant stimuli. In the present study, although our participants
did not switch between different tasks, the two types of trials
involved different types of presentation that required different
attentional control settings and different amounts of effort.
With the two types of trials presented in couplets, it would
be difficult to deploy the optimal attentional control setting on
a given trial. Consequently, performance was impaired in the
simultaneous trials relative to the sequential trials.

Experiment 2

In Experiment 2, we further examined the role of recent expe-
rience in conscious access to color. We mixed the simulta-
neous and sequential trials randomly within a block during
testing. In data analyses, we separated the trials into a “repeat”
condition, in which the same type of trials appeared in n and n-
1 trials (i.e., a simultaneous trial preceded by a simultaneous
trial, and vice versa for a sequential trial), from a “switch”
condition, in which different types of trials occurred in n and
n-1 trials (i.e., a simultaneous trial preceded by a sequential
trial, or vice versa). If recent experience affects the number of
colors that can be accessed at a given moment, participants
should show different patterns of data between the “repeat”
and “switch” conditions.

Method

Experiment 2 was identical to Experiment 1 except that the
two types of trials were randomly intermixed within a block.
Thirty new participants took part in the study.

Results and discussion

To examine the effect of recent experience, we re-grouped the
data into the “repeat” versus the “switch” condition. Figure 3
shows the results. A 2 × 2 repeated-measures ANOVA with
TrialType (repeat vs. switch) and Presentation (simultaneous

Fig. 2 Results from Experiment 1. Error bars show the within-subjects
standard error of the mean (Cousineau, 2005)
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vs. sequential) revealed lower accuracy in the simultaneous
(70.4% correct) than the sequential condition (72.4% correct),
F(1, 29) = 5.93,MSe = 21, p = .02, ηp

2 = 0.17. Moreover, the
two factors interacted,F(1, 29) = 5.55,MSe = 18, p = .03, ηp

2 =
0.16. Accuracy was lower in the simultaneous (69.5% correct)
than the sequential (73.4% correct) condition in the switch
trials (p < .01), but not in the repeat trials (71.2% in the simul-
taneous condition and 71.4% in the sequential condition, p =
.99). There was no reliable effect of TrialType (p = .84).

The most important finding of Experiment 2 is the different
pattern of data between the repeat and switch conditions, with
higher accuracy in the sequential than the simultaneous trials
in the switch condition but not in the repeat condition. These
results indicate that recent experience influenced participants’
processing strategies and consequently their performance. As
participants had no prior knowledge about the type of trial, a
reasonable strategy would be to “expect” the same type to
continue (Theeuwes et al., 2004).1 Such a strategy would lead
to an appropriate attentional control setting in the repeat con-
dition, but not necessarily in the switch condition. The results
of the experiment are consistent with this interpretation.

General discussion

Using a simultaneous/sequential paradigm, the present study
shows that conscious representation of color is not limited to
one color at a time. In Experiment 1, the simultaneous and
sequential trials were grouped in different blocks or in an
interleaved way. The results of Huang et al. (2007) were rep-
licated in the interleave but not the block condition. In
Experiment 2, all the trials were randomly mixed within a
block in testing, but re-arranged into a “repeat” versus a
“switch” condition in data analyses. Accuracy was higher in
the sequential than the simultaneous trials in the switch con-
dition, but not in the repeat condition. These results show that
the unit of access for color perception is not fixed, and that
selection history modulates the amount of information that can
be accessed at a given instant.

It is important to note that although our results are incon-
sistent with the single-feature access proposed in the Boolean
map theory, the single-feature access was proposed as a con-
trast to the multiple-location access (Huang, personal commu-
nication, December 2020), and our results do not challenge
this feature/location distinction, which has been demonstrated
inmultiple studies (Huang, 2010a, 2010b; Huang et al., 2007).
Processing asymmetries between location and object features
have also been found in other lines of research, including
attentional guidance, selection efficiency, and perceptual con-
sequences (e.g., Chen, 2009; Chen & Wyble, 2015; Tsal &
Lavie, 1993; also see Lamy & Tsal, 2001, for a review).

What might have caused the different results between the
present study and Huang et al. (2007)? We attribute the dif-
ferences to selection history, with the key factors being the
extent of attentional zoom and the amount of attentional re-
sources, both of which are known to be influenced by task
demands (LaBerge, 1983; LaBerge et al., 1991). As the simul-
taneous trials require the processing of two targets concurrent-
ly, a broader attentional zoom and more attentional resources
are needed compared with the sequential trials. In a block
design, participants could rely on recent experience with a
preceding trial for the deployment of the optimal attentional
control setting. Knowing the type of trial in advance might
also help them make deliberate adjustment of effort as com-
pensation for the task difficulty, leading to comparable perfor-
mance between the simultaneous and sequential trials.2 These
results are also consistent with the findings in Mance et al.
(2012) and Miller et al. (2014). Both studies used a block
design.

When an optimal attentional control setting cannot be de-
ployed in advance such as in the interleave conditions in
Experiment 1 and Huang et al. or in Experiment 2, participants
may “expect” the same trial type to continue (Theeuwes et al.,
2004). In the repeat condition, this strategy will work well for

Fig. 3 Results from Experiment 2. Error bars show the within-subjects
standard error of the mean

1 To explore the interaction between TrialType and Presentation further, we
conducted two t tests to compare participants’ performance between the repeat
and switch trials when the targets were presented simultaneously and when
they were presented sequentially. In the simultaneous condition, accuracy was
numerically higher in the repeat trials (71.2% correct) than in the switch trials
(69.5% correct), t(29) = 1.57, p = 0.06, d = .29, indicating that when a trial had
a relatively high demand for attentional resources (i.e., a simultaneous trial),
changing from the sequential to simultaneous presentation impaired perfor-
mance. In contrast, in the sequential condition, accuracy was lower in the
repeat trials (71.4% correct) than in the switch trials (73.4% correct), t(29) =
1.70, p = 0.047, d = .31, indicating that when a trial had a relatively low
demand for attentional resources (i.e., a sequential trial), changing from the
simultaneous to sequential presentation facilitated performance. This pattern
of data is consistent with the notion that in a randomized design participants
may “expect” the same trial type to continue.We thank an anonymous review-
er for suggesting the above analyses. 2 We thank Liqiang Huang for pointing out this possibility.
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both types of trials. In the switch condition, this strategy will
favor the sequential trials but disadvantage the simultaneous
trials. When a sequential trial follows a simultaneous one, the
attentional control setting for a simultaneous trial (e.g., a rel-
atively broad attentional zoom and sufficient attentional re-
sources) will not negatively affect the allocation of attention
to the target in the sequential trial as the target will capture
attention in a stimulus-driven way (Jonides & Yantis, 1998).
In contrast, when a simultaneous trial follows a sequential
one, the attentional control setting for a sequential trial will
impact the processing of the targets negatively as attention
needs to be divided between the targets. If insufficient atten-
tional resources are allocated for the trial, performance will
suffer, resulting in lower accuracy in the simultaneous than the
sequential trials. The results of the present study support this
account.

In addition to the unit of access in color perception, the
effect of selection history has been reported in studies that
manipulate perceptual load. Distractor processing is typically
larger in the low- than the high-load condition when the two
conditions were in separate blocks (e.g., Lavie, 1995; Lavie &
Cox, 1997), but not when they were intermixed within a block
(e.g., Benoni et al., 2013; Murray & Jones, 2002), when the
data were grouped into repeat versus switch trials (e.g., Biggs
&Gibson, 2010; Theeuwes et al., 2004), or when the extent of
attentional zoomwas held constant across the conditions (e.g.,
Chen, 2003; Chen & Cave, 2013, 2016).

Effects of selection history have also been reported in vi-
sual search studies (e.g., Chun & Jiang, 1998; Leber & Egeth,
2006; Yeh et al., 2014), including those in which the target
was a singleton (e.g., Bravo & Nakayama, 1992; Chen &
Cave, 2015; Leonard & Egeth, 2008; Maljkovic &
Nakayama, 1994; Müller et al., 2003). The latter studies are
particularly interesting because searching for a singleton can
be accomplished easily via stimulus-driven processes due to
its salience. However, despite target pop-out, recent experi-
ence can still provide an additional benefit, making responses
even faster (see Lamy & Krisjánsson, 2013, for a review).

Although in many previous studies, including Experiment
1 in the present study, it is impossible to distinguish between
the role of foreknowledge and that of selection history in
modulating performance, Maljkovic and Nakayama (1994,
Experiment 4) show that the contribution by foreknowledge
may be very limited. Using a shape-comparison task with the
target defined by a unique color and the target color changed
in a predictable AABB sequence, the researchers found com-
parable performance between a passive condition, in which
participants were instructed to relax and respond to what they
saw, and an active condition, in which participants
subvocalized the upcoming target’s color. These results indi-
cate that intertrial priming may be out of top-down control, a
result in line with the pattern of data observed in Experiment 2
and in the interleave condition in Experiment 1. The results in

the present study are also consistent with the proposal that
performance is influenced by a variety of factors including
an observer’s behavioral goal, selection history, and the prop-
erties of the stimulus display (Awh et al., 2012).

In summary, we have shown that selection history plays an
important role in the number of colors that can be consciously
perceived at a time. When an appropriate attentional control
setting can be deployed, it is possible to perceive two colors.
Our results also show the flexibility of the visual system, sug-
gesting that perception is the combined result of many differ-
ent factors.

Acknowledgements We thank Liqiang Huang and an anonymous re-
viewer for their helpful comments on an earlier version of this paper.
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