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Abstract The ability of a stimulus to capture visuospatial
attention depends on the interplay between its bottom-up
saliency and its relationship to an observer’s top-down control
set, such that stimuli capture attention if they match the
predefined properties that distinguish a searched-for target
from distractors (Folk, Remington, & Johnston, Journal of
Experimental Psychology: Human Perception &
Performance, 18, 1030-1044 1992). Despite decades of re-
search on this phenomenon, however, the vast majority has
focused exclusively on matches based on low-level physical
properties. Yet if contingent capture is indeed a “top-down”
influence on attention, then semantic content should be acces-
sible and able to determine which physical features capture
attention. Here we tested this prediction by examining wheth-
er a semantically defined target could create a control set for
particular features. To do this, we had participants search to
identify a target that was differentiated from distractors by its
meaning (e.g., the word “red” among color words all written
in black). Before the target array, a cue was presented, and it
was varied whether the cue appeared in the physical color
implied by the target word. Across three experiments, we
found that cues that embodied the meaning of the word
produced greater cuing than cues that did not. This suggests
that top-down control sets activate content that is semantically
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associated with the target-defining property, and this content
in turn has the ability to exogenously orient attention.
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At any given point in time, the natural environment bombards
the human brain with volumes of visual input, and this volume
of input exceeds the capacity of the brain’s limited perceptual
resources. Attention, therefore, can be seen as an adaptation
that prioritizes certain stimuli for detailed processing, at the
expense of others (Broadbent, 1958; Desimone & Duncan,
1995; Kahneman, 1973; Kastner & Pinsk, 2004). This means
that it is crucial for spatial attention to be efficiently deployed
to stimuli or locations that provide relevant information, given
an observer’s task or goals. Furthermore, since attention has
such a profound influence on determining what stimuli are
ultimately consciously perceived, understanding the mecha-
nisms that govern the allocation of attention in space is im-
portant in understanding how humans perceive the world
around them.

The classic way of measuring reflexive attentional
orienting (or “capture”) is cuing: a stimulus (e.g., abrupt
change in luminance, the “cue”) is presented at a given loca-
tion, and a subsequent target stimulus either appears at the
same (valid) or a different (invalid) location to the cue. The
task is then to detect or identify the target stimulus. Attentional
capture is gauged by “cuing,” which is quantified as the
difference in reaction time between valid and invalid trials
(Posner, 1980; Posner & Cohen, 1984). The logic here is that
if the cue captures attention, responses to the target are facil-
itated when the target subsequently appears at that location,
compared with when it occurs elsewhere, because additional
time is required to orient attention away from the cue and to
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the location of the target. One of the hallmarks of exogenous
orienting, unlike endogenous or volitional orienting, is that
such attentional capture occurs even when the cue does not
predict the location of the target (i.e., the target is equally
likely to occur at a cued vs. an uncued location) (Jonides &
Yantis, 1988; Posner & Cohen, 1984).

Whether even a physically salient stimulus will capture
attention, however, depends on the participant’s top-down
control set or task-induced goals. Folk, Remington, and
Johnston (1992) demonstrated that salient cues such as a
luminance onset or a color singleton (one red item among
multiple white items) only captured attention when they
matched the feature that differentiated the target from the
distractors in the subsequent target array. That is, when the
target was a color singleton, color-singleton cues captured
attention, whereas luminance-onset cues did not, and when
the target was an abrupt onset, abrupt-onset cues captured
attention whereas color singletons did not. This crucial rela-
tionship between the task-induced search strategy and the
ability of particular physical properties to orient spatial atten-
tion is known as contingent capture (Folk et al., 1992).

Research has supported the contingent nature of attentional
capture for a variety of physical properties, including color
(Al-Aidroos, Harrison, & Pratt, 2010; Ansorge & Heumann,
2003; Folk & Remington, 1998), luminance (Most et al.,
2001), shape (Bacon & Egeth, 1994), and motion (Folk,
Remington, & Wright, 1994). However, given the way in
which contingent capture should operate, contingent capture
should extend beyond these low-level effects. That is, physi-
ologically, processing of basic physical properties of stimuli
occurs “earlier” in the brain (from the perspective of a
feedforward sweep), in more posterior regions, whereas a
more abstract or semantic appreciation of the identity of an
object relies on “later” (more anterior) brain regions.
Integration of these sources of information via top-down or
feedback (reentrant) processing from anterior to posterior is
critical to normal perception (Bar, 2003; Bar et al., 2006; Di
Lollo, 2010; Dux, Visser, Goodhew, & Lipp, 2010; Kveraga,
Boshyan, & Bar, 2007; Lamme & Roelfsema, 2000; Pascual-
Leone & Walsh, 2001; Sillito, Cudeiro, & Jones, 2006;
Wyatte, Curran, & O’Reilly, 2012). Since contingent capture
is thought to be a “top-down” exertion over visual attention
(from anterior to posterior brain areas), contingent capture
should have access to semantic content, and therefore the
ability of simple features to capture attention could depend
on their relationship with currently activated semantic content
in the observer’s mind. This, however, has not yet been
established, and so here we sought to test this prediction.
Note that this perspective would predict a unidirectional in-
fluence of semantics over whether features such as color
capture attention (given the “top-down” nature of a control
set). Such unidirectionality is also consistent with the fact that
simple physical features are processed most efficiently (see,

@ Springer

e.g., Treisman & Gelade, 1980), and thus it is more likely that
their relationship with semantic concepts will govern atten-
tional capture.

This prediction, which stipulates that stimuli that exemplify
the features of an activated semantic control set is also consis-
tent with the embodied cognition framework (see, e.g.,
Barsalou, 1999, 2005; Gallese & Lakoft, 2005), according to
which abstract semantic concepts are grounded in sensorimo-
tor mechanisms. That is, in the last decade or so there has been
an emerging consensus that concept representation, far from
being arbitrary and divorced from perceptual machinery, in fact
draws on shared mechanisms for recognizing objects. This
means that the brain relies on common mechanisms for
representing the concept “apple” and for perceiving an apple
as an object in the world. Consistent with this notion, there is
evidence that activating a semantic category indeed coactivates
the mechanism for perceiving physical color (Connell, 2007;
Connell & Lynott, 2009; Simmons et al., 2007). For example,
Connell (2007) visually presented participants with a sentence,
followed by a picture, and their task was to decide as quickly as
possible whether the picture was mentioned in the sentence.
The key manipulation was the compatibility between the color
of the object implied in the sentence (e.g., sentence mentions
steak in a butcher shop = red steak) and the color displayed in
the image (e.g., cooked steak = brown). Participants were faster
to respond to the picture when the implied color and picture
mismatched, compared with when they matched (see Gozli,
Chasteen, & Pratt, 2013, for an investigation and discussion of
facilitation vs. interference in such paradigms).

More recently, Yee, Ahmed, and Thompson-Schill (2012)
tested for color-based priming with words referring to objects
(e.g., “cucumber” primes “emerald” because both are green,
but does not prime “pendant”). These authors found that such
priming was observed when participants first completed a
Stroop (color-naming) task, whereas when participants com-
pleted the priming task first, no object-color priming was
observed (Yee et al., 2012). This suggests that while color is
part of the representation of such concepts, it can be “primed”
to have an effect on behavior or not, depending on the context
(see also Connell & Lynott, 2009).

Thus, the embodied cognition framework stipulates that
whenever a semantic concept is activated, the physical color
that is associated with the concept will be coactivated.
However, it remains to be determined whether the mere acti-
vation of this information is sufficient to govern whether a
stimulus will capture visual attention in space. That is, studies
such as Connell (2007) and Yee et al. (2012) found that the
congruency between semantics and color affected reaction
time for stimuli presented centrally, but it is yet to be deter-
mined whether this relationship influences the allocation of
attention in space, and therefore contingent capture. The em-
bodied cognition perspective predicts that these effects are
substantive and far-reaching, and by inference should affect
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the fundamental cognitive process of spatial attentional
orienting. This, then, should mean that in the presence of a
semantically defined control set, cues that instantiate the
physical color associated with this concept should capture
attention. Importantly, however, given that semantic concepts
are thought to call upon low-level sensorimotor mechanisms,
this does not imply that the perception of basic features must
draw upon semantic representations. That is, this framework
does not necessarily predict the reverse: that in the presence of
a control set for a particular color, stimuli that are semantically
related to that color will capture attention.

To test these predictions arising from how top-down con-
trol sets must be instantiated via the physiology of the brain,
and also the cognitive architecture of the embodied mind, we
examined whether cues that reflect the physical color associ-
ated with an activated word meaning would produce contin-
gent capture when compared against cues whose color mis-
matched this word meaning. It is known that when searching
for a physically red target, red cues capture attention but green
cues do not; but does this contingent attentional capture ex-
tend to when the target is instead defined by semantics? In
other words, is it still physically red cues that exclusively
capture attention when the goal is to find the word “red,” or
does contingent capture fail in this situation, and so all stimuli,
regardless of their features, produce equivalent cuing? To test
this, rather than using objects that tend to be merely associated
with a particular color, but can also be related to other colors
(e.g., an apple is usually red, but can also be green or yellow),
we chose stimuli with the most unambiguous color-semantic
relationship: color words (e.g., red). We then had participants
search for a target defined by word meaning. That is, the target
was differentiated from distractors by semantics rather than
color (e.g., the word “red” among other color-word
distractors, all appearing in black). Adopting a top-down
control set defined by semantics in this way produces a
relatively difficult visual search task (Duncan & Humphreys,
1989; Treisman & Gelade, 1980; Wolfe, 1994), but it allows
us to assess where attention was reflexively oriented in the
presence of an activated word meaning.

In the present study, we orthogonally varied whether the
cue that preceded the target array matched semantically and
featurally (in terms of color) with the target. If stimuli that
featurally embody an activated word meaning can only pro-
duce congruency effects and cannot reflexively orient atten-
tion, then there should be no differential contingent capture;
that is, we should see equivalent cuing magnitudes for all cue
types (another alternative would be to see contingent capture
for the cues that semantically match the target, but given that
semantics is an abstract property, this seemed unlikely).
Alternatively, if such stimuli can orient the location of atten-
tion in space, then the cues that embody the meaning of the
target word should capture attention (i.e., the physically red
cues). We compared the pattern of cuing in this semantic

condition against a more traditional featurally defined target
(i.e., search for the red-colored target), in which the physically
red cues would be predicted to capture attention and green
cues would not. This provided an important demonstration
that these cues in our experimental setup are indeed capable of
capturing attention, and would allow us to directly compare
the effect on attention of a semantically defined control set
versus a featurally defined one.

Experiment 1

The purpose of Experiment 1 was to assess whether, in the
presence of a semantically defined control set, cues that em-
body the physical features associated with this concept would
contingently capture attention. To do this, we had participants
search for a target word, and assessed the extent to which the
physical color of a cue determined whether it reflexively
captured attention. A condition in which participants searched
for a target defined by features (color) was also included, for
comparison.

Method

Participants Twenty-one (15 female) undergraduate psychol-
ogy students (Mean age = 20.67 years, SD = 8.67) at the
University of Toronto participated in exchange for course
credit. All participants reported normal color vision and pro-
vided written, informed consent prior to participation. The
Research Ethics Board at the University of Toronto approved
the experimental protocol.

Stimuli All stimuli were presented on a CRT monitor operat-
ing at an 85-Hz refresh rate. Viewing distance was fixed at
44 cm with a chin rest. Four black placeholders (8.5° x 7.8° of
visual angle) were arranged in a plus-sign configuration
around a central-fixation cross (6.2° of separation between
cross and inner side of placeholder) on a gray background (see
Fig. 1). Cues and targets were letters presented in the center of
the placeholders (Courier New font, size 18). Cues could be
colored either red or green, and the letters could spell the word
RED or GREEN (always uppercase). Cue color and cue-word
meaning were randomly determined on each trial. The cue
appeared in the same location as the subsequent target on
25 % of trials. Importantly, this means that identical cues were
used in both conditions. The two conditions instead differed in
their task requirements and the construction of the target array.
In the semantic condition, all targets and distractors were
black. The target word always said “red,” either in upper - or
lowercase, and the distractors were selected from among the
words green, blue, yellow, pink, orange, and white. In the
featural condition, the red-colored target was a randomly
selected letter string that did not constitute a word. The
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TASK: identify whether
the target is in upper or
lower case
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Fig. 1 (a) A schematic illustration of a trial in the semantic condition.
The task was to search for the word “red” and identify whether it is in
upper- or lowercase as quickly and accurately as possible. (b) A sche-
matic illustration of a trial in the featural condition. Possible cue options
(equiprobable) are shown to the right of the cue array. The task was to
search for the red-colored item and identify whether it is in upper- or
lower case as quickly and accurately as possible

25% valid

distractors that appeared simultaneously with the target were
colored green, blue, and yellow, and were also random letter
strings (although never the same as the target). In both
conditions, targets and distractors could appear in either
upper- or lowercase (equiprobable, randomly determined
on each trial), the location of the target was randomly
selected, and the same distractor was never repeated in
the target array on a single trial.

@ Springer

Procedure Each trial began with a fixation display (cross +
placeholders) presented for 1,000 ms; then a cue was present-
ed for 106 ms, followed by another fixation display for
106 ms. This interstimulus interval was selected to be as close
as possible to that in Folk et al., (1992) as the refresh rate of
the monitor would allow. The target array was then presented
until a response was registered. In the semantic condition,
participants were told that the target was the word “red,” and
in the featural condition, participants were told that the target
was the red-colored item. In both cases, the participants’ task
was to identify as quickly and accurately as possible whether
the target was in upper- or lowercase (responses were made
using the “z” and “?/” keys on a standard keyboard), and they
were informed that any flashes in advance of the array were
task-irrelevant. There was a 1,000-ms intertrial interval
(during which the screen was blank gray). All participants
completed two separate blocks of trials (one consisting of the
semantic and one the featural condition), with order of block
completion counterbalanced across participants. Each partici-
pant completed 480 trials (240 per target condition), with rest
breaks scheduled every 120 trials (the length of which was at
the discretion of the participant).

Results and discussion

Trials on which response times to identify the target (as upper-
or lowercase) exceeded 2.5 SD above a given participant’s
mean RT, or were less than 200 ms, were excluded from the
analysis (average 2.22 % of trials excluded). The lower-bound
cutoff was chosen, since responses times prior to 200 ms
would most likely reflect anticipatory responses, rather than
genuine task performance. Similarly, responses that exceeded
the upper threshold likely reflected trials in which participants
were not complying with the instruction to respond as quickly
and accurately as possible.

Accuracy in identifying the target was high (> 94 % for all
combinations of target type, cue color, cue-word meaning, and
validity). Correct response times were then used to compute
cuing effects (response time for invalid minus valid condition;
see Table 1 for these RTs). These cuing effects were then
submitted to a 2 (Target Condition) x 2 (Cue Color) x 2
(Cue-Word Meaning) repeated-measures analysis of variance
(ANOVA); see Fig. 2. This revealed a significant main effect
of cue color on cuing magnitude [F(1,20) = 85.66, p < .001,
np2 = .811], such that the average cuing magnitude for red-
colored cues (203 ms) was greater than the average cuing
magnitude for green-colored cues (75 ms). None of the other
main effects or interactions reached significance (ps >=.155
and 1,’s <=.098).

The results from the experiment reveal that when searching
for a target defined by the semantic property of a color word

“red”), the effectiveness of the cue in orienting attention was
contingent on whether it embodied the physical properties of
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Table 1 Reaction times in milliseconds for each cue type as a function of

cue validity for each control-set type. Valid = cue and target in same
location; Invalid = cue and target in different locations. Lowercase labels

refer to the color of the cue. Uppercase labels identify the word meaning of
the word. For example, Red GREEN = red-colored, word “GREEN” cue

Control set Red RED Red RED cue Red GREEN Red GREEN Green RED Green RED Green GREEN Green GREEN
cue Valid Invalid cue Valid cue Invalid cue Valid cue Invalid cue Valid cue valid

Semantic 879 1,091 820 1,050 928 1,032 944 1,025

Featural 713 895 715 902 812 845 776 860

this word. In other words, the color associated with an acti-
vated semantic concept has the ability to systematically influ-
ence the location of attention in space. If this were not the
case, then cuing magnitude should be equivalent for red- and
green-colored cues. But instead, we observed a systematic
effect of cue color on cuing magnitude, such that those that
embodied the color of the target produced stronger cuing. It is
noteworthy, moreover, that there was neither a main effect nor
any interactions involving target condition (semantic vs.
featurally defined target), indicating that in this experiment
the semantic target condition produced effects on attention
equivalent to those in a more conventional featural contingent-
capture paradigm.

Given that previous research has demonstrated that context
influences the relationship between color and semantics on a
Stroop task (Yee et al., 2012), we also examined whether the
effect of semantic control set on attentional capture by a
particular color cue was affected by order of block comple-
tion. That is, was the effect of color contingent capture in the
semantic control set affected by whether participants complet-
ed the semantic control-set condition before or after the
featural control-set condition? In order to assess this, we
entered order of block completion as a between-subjects factor
in a2 (Cue Color) x 2 (Cue-Word Meaning) ANOVA focused
on cuing magnitudes in the semantic control-set condition.
This revealed that there was no main effect of block order on
cuing [F(1,19) = 2.37, p = .140,n,> = .111], and block order
did not significantly interact with any main effect or interac-
tion (Fs < 2.04, ps >.169, 1,’s < .098).

According to the contingent-capture perspective, the green-
colored cues in this experiment should not have captured
attention in the presence of a top-down control set for the
color red (Folk et al., 1992). That is, contingent capture
predicts a cuing effect equivalent to zero for the green-
colored cues. Yet in both the featural control-set and semantic
control-set conditions, both green-colored cues produced nu-
merically a nonzero cuing effect, evidence that they captured
attention to their location in space. When compared against
zero with a single-sample #-test, however, in the featural
control-set condition, only the green word “GREEN" pro-
duced significant cuing [#(20) = 2.84, p = .010], whereas the
green word “RED” cues only trended toward significance
[#20)=1.72, p = .100]. Although this nonzero cuing was also

present in the semantic control-set condition, that is, both
green-colored cues produced significant cuing [#(20) = 3.87,
p = .001, and #20) = 2.78, p = .011 for word “RED” and
“GREEN” cues, respectively], this is less comparable with
previous contingent-capture studies in which the top-down
control sets have been defined by basic features. If we focus
on the featural control-set condition, therefore, this presence
of a cuing effect for at least one of the cues that did not match
the top-down control could be indicative of rapid
disengagement (Theeuwes, 1991, 1992, 1994, 2004).
According to this framework, a control set does not complete-
ly eliminate all attentional orienting to stimuli that do not
match the target-defining property. Instead, all stimuli, regard-
less of their relationship to the top-down control set, are
briefly attended, but stimuli that do not match the control set
are more efficiently disengaged from than stimuli that match
the control set. This could explain why there was cuing for
such nonmatching stimuli, albeit less than for matching stim-
uli: The control set influenced the speed of disengagement
from the cues, rather than whether they were attended at all.
Another possible explanation, however, is that participants
adopted a displaywide control set for the feature that defines
the onset of the target array, rather than the feature that defines
the location of the target within the array (“displaywide con-
tingent orienting hypothesis”; Burnham, 2007; Gibson &
Kelsey, 1998). That is, if the target display (both target and
distractors) appears via an abrupt onset, then this feature (i.e.,
onset) can capture attention, even though it does not uniquely
differentiate the target from distractors (Burnham, 2007;
Gibson & Kelsey, 1998). In support of this notion, Gibson
and Kelsey (1998) found that when the target array was an
onset of red letters in multiple locations (so neither onset nor
color uniquely identified the target location, only the appear-
ance of the target array itself), both red color singletons and
onset cues captured attention when they preceded this array.
This implies that attentional capture can be determined by
features that define the target array onset, rather than target
location within the array. For the present experiment, this
displaywide contingent orienting framework therefore cor-
rectly predicts the observed cuing produced by green cues
that did not match the red-defined control set in Experiment 1.
This is because these green cues shared two properties with
the appearance of the target array: abrupt onset and the color

@ Springer



1582

Atten Percept Psychophys (2014) 76:1577-1589

a 300
Red-coloured cue
. Green-coloured cue
250
200 l
m
E
E’ 150
[
3
o
100
50
0
Cue word: RED GREEN RED GREEN
b 250
Red-coloured cue
. Green-coloured cue
200 ] l
150
n
E
o
C
©
=
(8]
100
50
0
Cue word: RED GREEN RED GREEN

Fig. 2 (a) Cuing magnitude (correct RT for invalid minus valid trials) in
the semantic condition in Experiment 1, in which participants searched
for the word “red” among other color-word distractors. (b) Cuing mag-
nitude in the featural condition in Experiment 1, in which participants
searched for a red-colored target among other-color distractors. Error bars
on both graphs represent standard errors of the means

green. That is, the target display was revealed via an onset, and
all cues, both red and green, were unique onsets (i.e., they
appeared alone in the array). Thus, with a control set for
onsets, both types of cues (red and green) should have

@ Springer

produced some attentional capture. Similarly, there could be
green present (one of the nontarget colors) in the target dis-
play, and so the green cues could have captured attention
because they shared this feature with the target array.
Considered within the displaywide contingent orienting hy-
pothesis framework, then, even the residual cuing produced
by green cues here would be consistent with exclusively top-
down control over spatial attention, that is, without requiring an
explanation based on stimulus-driven capture and rapid disen-
gagement. We address these possibilities in Experiment 3. The
purpose of Experiment 2, however, was to replicate with a
green-defined control set the effects obtained in Experiment 1.

Experiment 2

Experiment 1 demonstrated that physical color that is part of
the representation of a word that is currently active in the
participant’s mind can preferentially influence the allocation
of attention in space. Specifically, red-colored cues produced
greater cuing than green-colored cues when participants were
engaged in a search for the semantically defined target (i.e.,
for the word “red”). The purpose of Experiment 2 was to
ensure that this pattern of results was not dependent on the
particular choice of red as a target color and therefore green as
the non-control-set-matching color feature. In addition,
Experiment 1 unexpectedly revealed evidence for attentional
capture by stimuli that did not match the observer’s top-down
control set, contrary to the contingent-capture framework
(Folk et al., 1992). Thus, an additional purpose for
Experiment 2 was to assess the reliability of cuing ef-
fects for cues that did not match the top-down control
set. To do this, we now made the target the word “green”
in the semantic condition and a green-coloured stimulus
in the featural condition, with red the non-target-
matching cue word (semantic condition) or color
(featural condition). Furthermore, in Experiment 1, the
color and word (green), against which cuing for red was
contrasted, was sometimes present as a distractor in the
target array. That is, the word “green” was a possible
distractor option in the semantic condition, and the color
green was a possible distractor color in the featural
condition, whereas here the word and color red were
eliminated as an option from the target array.

Participants

Twenty-one (11 female) undergraduate psychology students
(Mean age = 19.43 years, SD = 1.72) at the University of
Toronto participated in exchange for course credit. All partic-
ipants reported normal color vision and provided written,
informed consent prior to participation.
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Stimuli

The stimuli were identical to those used in Experiment 1, with
the following exceptions. In the semantic condition, all targets
and distractors were black. The target word always said
“green,” either in upper- or lowercase, and the distractors were
selected from among the words teal, blue, pink, yellow, or-
ange, and white. In the featural condition (control condition),
the green-colored target was a randomly selected letter string
that did not constitute a word. The distractors that appeared
simultaneously with the target were colored pink, blue, and
yellow, and were also random letter strings (although never
the same as the target).

Procedure

The procedure was identical to that for Experiment 1, except
now participants were searching for a target that was the word
“green” (the semantic condition) or was green-colored (the
featural condition).

Results and discussion

As before, trials on which response times to identify the target
(as upper- or lowercase) exceeded 2.5 SD above the partici-
pant’s mean RT or were less than 200 ms were excluded from
the analysis (average 1.73 % of trials excluded). Accuracy in
identifying the target was high (> 91 % for all combinations of
target condition, cue color, cue-word meaning, and validity).
Correct responses times were then used to compute cuing
effects (response time for the invalid minus the valid condition;
see Table 2 for these RTs). These cuing effects were then
submitted to a 2 (Target Condition) x 2 (Cue Color) X 2
(Cue-Word Meaning) repeated-measures ANOVA (see
Fig. 3). This revealed a significant main effect of cue
color on cuing magnitude [F(1,20) = 41.45, p < .001,
np2 = .675], such that the average cuing for green-colored
cues (M = 155 ms) was greater than that for red-colored cues
(M = 22 ms). Conversely, neither the main effect of target
condition nor of the meaning of the cue word was significant
(ps >= .504 and npzs <=.023). This indicates that cues that
featurally embody a target color word produce greater cuing
than those that do not match. In conjunction with the results of

Table 2 Reaction times in milliseconds for each cue type as a function of
cue validity for each control-set type. Valid = cue and target in same
location; Invalid = cue and target in different locations. Lowercase labels

Experiment 1, this reveals that this effect is neither specific to
a particular color word (red or green) serving as the target, nor
the nonmatching color being present in the target array.

Furthermore, there was also a significant interaction be-
tween target condition and color [F(1,20) = 4.44, p = .048,
np2 = .182], whereas none of the other interactions were
significant (ps >= 421 and npzs <= .033). The source of the
interaction between cue color and target condition was that the
color contingent capture (difference in cuing between green
and red cues) was larger in the featural (168 ms) than in the
semantic condition (96 ms). This appeared to be partially
owing to an order effect. That is, to assess the effect of order
of block completion on the effect of cue color on attention in
the presence of a semantically defined control set, we per-
formed a 2 (Cue Color) x 2 (Cue-Word Meaning) ANOVA
on cuing magnitudes in the semantic control-set condition,
with order of block completion as a between-subjects variable.
This revealed that there was a significant main effect of order
of block completion [F(1,19) = 9.16, p = .007, np2 =.325];
furthermore, the interaction between cue color and order of
block completion approached but did not reach significance
[F(1,19) = 3.95, p = .062, np2 = .172] (none of the other
interactions approached significance, Fs < 1.02, ps > .327,
npzs < .051). Although not statistically significant, given the
trend toward an interaction between order of block completion
and the effect of cue color, we conducted 2 (Cue Color) x 2
(Word Meaning) ANOVAs separately for those participants
who completed each block type (featural vs. semantic control
set). The only variable to change as function of block order was
the effect of cue color: For those participants who completed
the featural control-set condition first, there was a significant
main effect of cue color in the semantic control-set condition
[F(1, 10) = 13.22, p = .005, np2 = .569], whereas for those
participants who completed the semantic control set first, there
was no main effect of cue color in the semantic control set
condition (F < 1). For comparison, the nature of the effect of
cue color on cuing magnitude was unchanged as a function of
block order in the featural control-set condition (highly signif-
icant for both, ps <.002).

It is not clear why there was no effect of block order in the
first experiment whereas there was here, but this effect of
block order is likely the source of the weaker overall color
contingent-capture effect in the semantic control-set

refer to the color of the cue; uppercase labels identify the word meaning of
the word. For example, Red GREEN = red-colored, word “GREEN” cue

Control Red RED Red RED Red GREEN Red GREEN Green RED Green RED Green GREEN Green GREEN
set cue Valid cue Invalid cue Valid Cue Invalid cue Valid cue Invalid cue Valid cue Invalid
Semantic 1,030 1,045 1,010 1,061 951 1,068 972 1,115

Featural 904 920 911 916 797 968 789 978
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Fig. 3 (a) Cuing magnitude (correct RT for invalid minus valid trials) in
the semantic condition in Experiment 2, in which participants searched
for the word “green” among other color-word distractors. (b) Cuing
magnitude in the featural condition in Experiment 2, in which participants
searched for a green-colored target among other-color distractors. Error
bars in both graphs represent standard errors of the means

condition. The fact that the semantically defined control set is
susceptible to block order could be taken as evidence that it is
a less robust attentional set than a featurally defined control
set. Regardless, however, the influence of control set over the
magnitude of cuing in the semantic condition was both sub-
stantial and statistically reliable, indicating that the physical
color that matches the meaning of the word an observer is
searching for is a more potent attentionally engaging stimulus
than those stimuli that do not match.

In contrast to Experiment 1, in neither the featural nor the
semantic control-set conditions in this experiment did cues
that did not match the control set produce significant cuing
(s < 1.443, ps > .164). That is, there was no evidence for
rapid disengagement of attention. However, one difference
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between Experiments | and 2 was the change in the control-
set color, meaning that now the cues that did not match the
control set were red, rather than green as they were in
Experiment 1. It is possible that this change could account
for absence of reliable cuing to the red cues here if green cues
are intrinsically more salient, if stimulus-driven capture and
rapid disengagement prevailed in Experiment 1. To our
knowledge, however, no previous research has demonstrated
that any particular color is more salient, in other words, more
or less likely to produce contingent capture than another.
Indeed, the very essence of contingent capture is that other-
wise intrinsically salient stimuli (e.g., abrupt onset, motion) no
longer capture attention when they do not match a control set.
So it is not clear a priori why this change in control-set color
should have had an effect.

Since bottom-up explanations did not offer a compelling
explanation for the pattern of results across Experiments 1
and 2, we now turn to consider top-down control explanations.
The present result could be considered consistent with the
displaywide contingent orienting hypothesis, since now the
color that did not match the control set (red) was no longer
present as a distractor color in the target array and so the cue and
target arrays no longer had this color feature in common.
However, this framework would still predict that the fact that
the cue is a unique onset should mean it should capture attention
regardless of its color. The pattern of results in Experiment 2
was therefore more consistent with that predicted by standard
contingent capture, in which only cues that share the property
that defines the location of the target within the array capture
attention (Folk et al., 1992). Most critically, however, the main
purpose of this study was to establish the influence of a seman-
tically defined control set and, specifically, whether color-
matching cues would produce exogenous capture of spatial
attention, an effect that was now robust across two separate
experiments.

Experiment 3

The purpose of Experiment 3 was to resolve a question arising
from the first two experiments: Why did the non-control-set
matching cues produce reliable attentional capture in
Experiment 1 but not Experiment 2? In order to address this,
we need to better understand what drove the attentional cap-
ture in Experiment 1. There are two possible main explana-
tions: stimulus-driven capture followed by rapid disengage-
ment, or displaywide contingent orienting for onset and color.
To disentangle these possibilities, we replaced the unique-
onset cue with a color-singleton cue, such that now no partic-
ular location in the cue array was cued by unique onset. That
is, the cue was either a red or green stimulus at one of the four
locations (the cued location), and the other three locations
(noncued locations) were occupied by neutral (white) stimuli.
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This means that even if participants had an onset-defined
control set induced by this property predicting the onset of
the target array, there was no longer a unique onset in the cue
array to capture their attention. If the residual cuing in
Experiment 1 was the result of displaywide contingent
orienting for onsets, then this should be eliminated in the
present experiment with the color-singleton cues, because
there should not be any reliable cuing for cues that did not
match the target-defined control set.

Furthermore, whereas Experiments 1 and 2 varied the
presence or absence of the nonmatching cue in the target array,
in Experiment 3 the nonmatching cue property was never
included in the target array constant. Importantly, whereas
Experiments 1 and 2 used different target-defining colors
(red vs. green), Experiment 3 varied the color of the control
set within-subjects in a single experiment. If the cuing pro-
duced by nonmatching cues in Experiment 1 (which was
eliminated in Experiment 2) were due to salience differences,
such that stimulus-driven capture was unique to green cues,
then here in Experiment 3 this pattern should be observed for
the non-control-set-matching cues when the target was de-
fined by the color red (and thus the nonmatching cues were
green), but not when it was defined by the color green (and
thus the nonmatching cues were red).

In the previous experiments, the cues were words of differ-
ent colors. There was no evidence in these experiments,
however, that word meaning had any systematic effect or
interaction with the semantically defined control set. Here,
therefore, we replaced the word cues with squares. The target
display still consisted of words, and the control set was still
therefore semantically defined. The same overarching predic-
tion holds: If cues that featurally embody a semantically
defined control set can determine the location of attention in
space, then the red-singleton cue should capture attention
when the task is to identify the word “red” in the target display,
whereas the green-singleton cue should capture attention
when the task is to identify the word “green” in the target
display.

Participants

Twenty-four (19 female) undergraduate psychology students
(Mean age = 18.6 years, SD = 1.5) at the University of Toronto
participated in exchange for course credit. All participants
reported normal color vision and provided written, informed
consent prior to participation.

Stimuli

The stimuli were identical to Experiment 2, with the following
exceptions. In both the semantic and featural conditions, cues
were colored squares occupying the “cued” location, with
white squares occupying the other locations during the cue

array (i.e., color-singleton cues). The red and green colors
used in the experiment were matched for luminance using a
photometer. The word and color “green,” which were used as
distractors in Experiment 1, were replaced with the word and
color “magenta” here.

Procedure

Participants completed four distinct blocks of the experiment,
in which it was varied whether the participant’s task was to
search for a word (semantic condition) or a color (featural
condition), and within these conditions whether the target was
defined as the word “red” or the word “green,” versus the
color red or the color green. The 24 unique orders in which
these blocks can be arranged were each assigned to 1 of the 24
participants. This means that order of block completion was
fully counterbalanced. All other aspects of the procedure were
identical to those used in the previous experiments.

Results and discussion

As before, trials on which response times to identify the target
(as upper- or lowercase) exceeded 2.5 SD above the partici-
pant’s mean RT or were less than 200 ms were excluded from
the analysis (average 1.91 % of trials excluded). Accuracy in
identifying the target was reasonably high ( > 86 % for all
combinations of target condition, cue color, cue-word mean-
ing, and validity). Correct response times were then used to
compute cuing effects (response time for invalid minus valid
condition; see Table 3 for these RTs). These cuing effects were
then submitted to a 2 (Target Condition) x 2 (Target Color) x 2
(Cue Color) repeated-measures ANOVA. This revealed a
significant main effect of target color, such that cuing was
on average greater with green targets (M = 53 ms) than with
red (M =18 ms) [F(1,23)=7.63,p =011, npz =.249], but no
significant main effects of either target condition (/' < 1) or cue
color [F(1,23) = 2.19, p = .152,1,> = .087]. This main effect
of target color was qualified by a significant interaction be-
tween target color and cue color [F(1, 23) = 20.91, p< .001,
np2 = .476], indicative of contingent capture. No other inter-
actions reached significance (ps >= .2 & npzs <=.070). This
indicates that cuing depended on the relationship between the
color of the target and the color of the cue, both when the
target was differentiated from distractors by color, and when it
was differentiated by semantics (see Fig. 4). Specifically,
when the target was uniquely identified by the color red, then
red cues captured attention whereas green cues did not, and
when the target location was uniquely identified by the color
green, then green cues captured attention but red cues did not.
This replicates the core finding from Experiments 1 and 2;
cues that embody the physical features of the concept to which
the target word refers capture attention. It also extends on the
previous experiments by showing that this effect generalizes
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Table 3 Reaction times in milliseconds for each condition (combination of target color, cue color, and cue validity) for each target condition (control-set type).
Valid = cue and target in same location; Invalid = cue and target in different locations

Control  Redtargetred Redtargetred Red targetgreen Red target green Green target Green targetred Green target green Green target green
set cue Valid cue Invalid  cue Valid cue Invalid red cue Valid cue Invalid cue Valid cue Invalid
Semantic 924 961 947 918 1,008 1,006 958 1,087

Featural 832 894 851 855 881 882 851 937

to the circumstances in which the cues are geometric shapes,
rather than words, and thus share little form similarity with the
target.

The use of the color-singleton displays in the present
experiment eliminated any evidence for cuing from the cues
that did not match the participant’s top-down control set
(ts < 1). This indicates that the contingent nature of the
attentional capture here was absolute: It determined the ab-
sence or presence of cuing, rather than merely modulating
cuing magnitude. This absoluteness was not specific to either
the red- or green-colored cues, suggesting that the cuing
produced by green cues in the featural condition in
Experiment 1 can be explained with a control set for onsets
as predicted by the displaywide contingent orienting hypoth-
esis, leading to the unique-onset cues capturing attention. It is
possible that the fact that the nonmatching cue color (red) was
eliminated as a distractor color from the target array in
Experiment 2 reduced the amount of similarity between the
nonmatching cues and the target-array onset, thereby reducing
the reliability of the cuing for the green cues. Taken together,
this means that all evidence for capture observed across these
three experiments is consistent with either classic contingent
capture and/or the displaywide contingent orienting hypothe-
sis, without recourse to stimulus-driven explanations.
Critically, this means that all the results observed in the present
three experiments are consistent with exclusively top-down
control over exogenous attentional capture.

General discussion

The results of the present three experiments converge on the
conclusion that peripheral stimuli that instantiate the physical
color of a semantically defined control set capture attention.
That is, for example, when searching to identify an achromatic
word, “green,” among distractors, physically green-colored
cues capture attention, whereas red-colored cues do not. This
is consistent with the notion of top-down influence of a
control set: Anterior regions of the brain that have access to
semantic and category-level content, via reentrant processing,
influence which low-level features will exogenously orient
attention. Despite decades of research on top-down control
sets, this is, to our knowledge, the first demonstration that
semantically defined targets determine which features capture
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attention, as predicted by the physiological mechanisms that
would instantiate a top-down control set. This finding also
complements the previous literature demonstrating that cog-
nitive processing is sensitive to the association between phys-
ical color and semantic meaning (Connell, 2007; Richter &
Zwaan, 2009; Simmons et al., 2007; Yee et al., 2012), but it
also extends on it, by showing that this association exoge-
nously affects the location of attention in space. We will now
discuss the implications of our results for the field of visual
attention, followed by their implications for the embodied
cognition literature.

Our results extend on previous work demonstrating differ-
ential cuing for cues that match the physical properties of the
target (Al-Aidroos et al., 2010; Ansorge & Heumann, 2003;
Bacon & Egeth, 1994; Folk & Remington, 1998; Folk et al.,
1994). That is, our results show that even more abstract
associations, such as those associations between semantic
targets and the stimuli that physically embody the meaning
of these targets, also influence attention. Such a finding is
consistent with other recent work showing that contingent
capture also extends to the learned perceptual consequences
of actions (Gozli, Goodhew, Moskovitz, & Pratt, 2013). This
implies that the interaction between top-down attentional set
and reflexive, bottom-up, exogenous orienting is flexible and
far-reaching with regard to the properties that are capable of
driving this interaction.

There are two major explanations for how top-down atten-
tional sets are instantiated. The displaywide contingent
orienting hypothesis (Burnham, 2007; Gibson & Kelsey,
1998) stipulates that participants adopt a top-down control
set for the features that define the onset of the target array,
rather than for the feature that identifies the target’s location
within the array. This framework was able to predict the
pattern for cuing produced by nonmatching cues across our
experiments. However, it is important to point out that this
mechanism did not appear to operate in isolation. For exam-
ple, in Experiment 1, even though the displaywide contingent
orienting hypothesis could explain why the green cues pro-
duced cuing when the target location was uniquely identified
by the color red in the target array, there was still a substantial
difference in the magnitude of cuing between the red and
green cues, suggesting that a top-down control for the target-
location-defining property was at play. Similarly, in
Experiment 3, the displaywide contingent orienting
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Fig. 4 (a) Cuing magnitude (correct RT for invalid minus valid trials) in
the semantic condition in Experiment 3, in which participants searched
for the words “red” and “green” among other color-word distractors. (b)
Cuing magnitude in the featural condition in Experiment 3, in which
participants searched for a red-colored and green-colored target among
other-color distractors. Error bars in both graphs represent standard errors
of the means

hypothesis correctly predicted the absence of cuing for cues
that did not match the control set, but the presence of a strong
effect of the relationship between cue and target color (con-
tingent capture based on color) could only occur if participants
had a control set for the target’s color, in addition to, or instead

of, a displaywide control set for onsets. Future research should
work on delineating these two theoretical approaches to top-
down control over exogenous attentional orienting.

Our results also have implications for the embodied cogni-
tion framework. The present findings unambiguously show
that the association between a currently active semantic con-
cept in the observer’s mind and the physical color of a stim-
ulus in the environment reliably affects the allocation of
attention in space. This dovetails nicely with the growing
evidence for the relationship between concepts and attention
(Chasteen, Burdzy, & Pratt, 2010; Connell, 2007; Goodhew,
McGaw, & Kidd, 2014; Meier & Robinson, 2004). However,
whereas these previous studies have shown that processing a
single, centrally presented word could induce a subsequent
shift of attention, here it was found that embodied stimuli in
the visual scene could actually draw attention to their location
in space. This is important given that attention serves as
gatekeeper, preventing processing resources from being
overwhelmed. The location of attention in space, therefore,
is a critical determinant of what is processed, and ultimately
what we are consciously aware of from the world around us.

Prior to this, one study examined the link between
activation of a semantic concept and overt attention, but
did so with auditory semantic stimuli. Huettig and
Altmann (2011) presented participants with auditory ob-
ject words, and examined to which of four pictures ob-
servers moved their eyes. It was found that participants
were more likely to look at a target picture that was a
particular physical color (e.g., a green blouse) after hear-
ing a word for an object that prototypically has that
particular color (e.g., “pea” = green) (Huettig &
Altmann, 2011). However, in this paradigm, there was
no specific task, in that participants were explicitly in-
formed that they could look anywhere they wanted to on
the screen. This means there was no disincentive to look
at a particular image, and thus participants may have
simply looked there without any strong underlying atten-
tional orienting influences. The results of Huettig and
Altmann (2011) cannot, therefore, be taken as evidence
of exogenous or reflexive orienting of attention. Our
results, in contrast, show that the effect of physical color
does extend to exogenous attention in adaptation of clas-
sic contingent-capture paradigm (see Folk et al., 1992).

In conclusion, the congruency between a semantic concept
activated in an observer’s mind and the physical color of an
object in the visual scene reliably affects the location of
attention in space. This is consistent with a neurophysiological
instantiation of a top-down control set, according to which
anterior regions with access to semantic content exert influ-
ence over posterior regions that encode more basic sensory
information, and it is also consistent with an embodied cog-
nitive perspective, according to which abstract cognitive pro-
cesses are grounded in basic perceptual machinery.
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lowercase and “z” = uppercase (which then meant that their accuracy was
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