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In five experiments, we examined whether a task-irrelevant item in visual working memory (VWM)
interacts with perceptual selection when VWM must also be used to maintain a template representation
of a search target. This question is critical to distinguishing between competing theories specifying the
architecture of interaction between VWM and attention. The single-item template hypothesis (SIT) posits
that only a single item in VWM can be maintained in a state that interacts with attention. Thus, the
secondary item should be inert with respect to attentional guidance. The multiple-item template hypoth-
esis (MIT) posits that multiple items can be maintained in a state that interacts with attention; thus, both
the target representation and the secondary item should be capable of guiding selection. This question has
been addressed previously in attention capture studies, but the results have been ambiguous. Here, we
modified these earlier paradigms to optimize sensitivity to capture. Capture by a distractor matching the
secondary item in VWM was observed consistently across multiple types of search task (abstract arrays
and natural scenes), multiple dependent measures (search reaction time (RT) and oculomotor capture),
multiple memory dimensions (color and shape), and multiple search stimulus dimensions (color, shape,
common objects), providing strong support for the MIT.

Public Significance Statement
Many real-world tasks require that participants search or monitor for multiple targets. For example,
a baggage screener might need to search for multiple different types of weapons. In the present study,
we examined whether participants can maintain multiple representations in visual working memory
that guide attention simultaneously to different objects. The results have implications both for
theoretical accounts of visual search and for the practical application of these theories to real-world
contexts.
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Real-world behavior requires that people efficiently direct at-
tention and gaze to goal-relevant objects. There are multiple mech-
anisms by which goal-directed control of attention can be imple-
mented, including template guidance by knowledge of the
perceptual features of the target object (Wolfe, Cave, & Franzel,
1989), contextual guidance by knowledge of the structure of the
environment in which the object appears (Torralba, Oliva, Castel-
hano, & Henderson, 2006), and guidance by long-term learning
based on selection history and reward (Awh, Belopolsky, &
Theeuwes, 2012). Of these mechanisms, guidance by a target
template is central to most theories of visual search, and the effects
of other forms guidance tend to be relatively small compared with

the guidance provided by a representation of the target’s visual
features.1

Most theories of attention (e.g., Bundesen, 1990; Desimone &
Duncan, 1995; Duncan & Humphreys, 1989; Hamker, 2004) im-
plement template guidance by means of a target representation in
visual working memory (VWM). Template guidance can also be
supported by long-term-memory (LTM) if the target attribute
remains constant across trials (Carlisle, Arita, Pardo, & Woodman,
2011), but because search targets frequently change in real-world
behavior, we focus here on the guidance of attention from a VWM
representation. Indeed, cuing participants on a trial-by-trial basis to
a relevant target feature leads to highly selective search (Vickery,
King, & Jiang, 2005; Wolfe, Horowitz, Kenner, Hyle, & Vasan,
2004), with attention and gaze limited almost exclusively to task-
relevant items in the display (Beck, Hollingworth, & Luck, 2012).
Moreover, the maintenance of features in VWM interacts with

1 The exception may be search for common objects in natural scenes,
which is sometimes influenced more by scene contextual factors than by a
target template (Torralba et al., 2006; Wolfe, Võ, Evans, & Greene, 2011).
However, even in this domain, recent evidence suggests that template-
based guidance can dominate the early stages of visual search (Bahle,
Matsukura, & Hollingworth, 2017).
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perceptual selection even when those features are not associated
with the target, further indicating a close relationship between
VWM maintenance and the guidance of attention (Hollingworth &
Luck, 2009; Hollingworth, Matsukura, & Luck, 2013b; Olivers,
2009; Olivers, Meijer, & Theeuwes, 2006; Soto, Heinke, Hum-
phreys, & Blanco, 2005; Soto, Hodsoll, Rotshtein, & Humphreys,
2008; Soto & Humphreys, 2007).

Although the relationship between VWM and online template
guidance is well established, the architecture of interaction be-
tween VWM and attention is currently under debate. Competing
theories differ in their claims about the number of items in VWM
that can interact with attention simultaneously. Under the single-
item-template hypothesis (SIT; Olivers, Peters, Houtkamp, & Ro-
elfsema, 2011), there are two qualitatively different states in
VWM: an active template state and an accessory state. In this
view, the template state allows a prefrontal VWM representation to
feed back to sensory cortex, biasing sensory processing to increase
the probability that matching items will be attended. However, in
the accessory state, this type of interaction is blocked; accessory
items are inert with respect to attentional guidance. Critically,
the SIT holds that only one item in VWM can be maintained in the
active template state. This claim is analogous to theories in the
general working memory literature holding that only one item is
maintained as the “focus of attention” and can control ongoing
cognitive operations (McElree, 2006; Oberauer, 2002).

In contrast, according to the multiple-item-template hypothesis
(MIT; Beck et al., 2012), multiple items in VWM can guide
attention simultaneously. This proposal derives from evidence that
the maintenance of features in VWM correlates with sustained
activation of subpopulations of neurons in visual cortex, consistent
with a sensory recruitment hypothesis of VWM maintenance (Har-
rison & Tong, 2009; Serences, Ester, Vogel, & Awh, 2009).
Critically, multiple items in VWM can be decoded from activity in
sensory cortex simultaneously (Emrich, Riggall, LaRocque, &
Postle, 2013). If multiple items are maintained via sustained acti-
vation in sensory cortex, then it is plausible that they would
interact simultaneously with new sensory processing to bias atten-
tion toward matching items. This view is consistent with general
theories of working memory holding that the “focus of attention”
can span multiple items (Cowan, 1999, 2001).2

In the present study, we examined closely the central line of
evidence supporting the SIT, which comes from studies that have
examined guidance by a secondary item in VWM as participants
search for targets that change on a trial-by-trial basis (Downing &
Dodds, 2004; Houtkamp & Roelfsema, 2006; Olivers, 2009, Ex-
periment 5). A frequently changing target requires that the search
template is maintained online and updated. Thus, it should be
represented in VWM and occupy the “template” slot, and, under
the SIT, the secondary memory item should be relegated to an
“accessory” role. In that latter role, the secondary item should not
interact with perceptual selection, and when it appears as a dis-
tractor during search, it should not necessarily capture attention or
otherwise impair performance.3 Note that this design examines
whether the mere maintenance of a secondary item in VWM
automatically guides attention. It does not probe whether partici-
pants can strategically guide attention on the basis multiple feature
values simultaneously (evidence of this type is reviewed in the
General Discussion). Nevertheless, results from three different

attention capture studies are central to the claims of SIT (Olivers
et al., 2011).

In the first of these studies (Houtkamp & Roelfsema, 2006),
participants conducted two sequential searches. They initially saw
two line drawings of real-world objects, one that would be the
target of the first search and one that would be the target of the
second search. Participants searched for the first target in one array
of objects (target preset or absent), and they then searched for the
second target in a second array of objects (again, target present or
absent). In this design, during the first search, the first target
should occupy the template slot. The second target was not rele-
vant during the first search, but it still had to be maintained in
VWM in preparation for the second search. The key manipulation
concerned the presence or absence of the second target object as a
distractor in the first search array. A capture effect—longer mean
RT on trials with a matching distractor—would indicate that the
representation of the second target interacted with perceptual se-
lection. No capture effect would be consistent with the mainte-
nance of the second target in an inert, accessory state in VWM.

Although the results of these experiments have been interpreted
as consistent with the SIT (Olivers et al., 2011), the full pattern of
results in Houtkamp and Roelfsema (2006) was mixed and ulti-
mately ambiguous. The key methodological details and experi-
mental results are summarized in Table 1. Four of the six exper-
iments reported either a reliable capture effect or a strong trend
toward a capture effect. In three of these, the effect was limited to
target-absent trials (i.e., the capture effect was reliably larger for
target-absent than for target-present trials, and there was no reli-
able capture effect when analyzing the target-present trials sepa-
rately). In one, there was a capture effect, and the magnitude of the
capture effect did not reliably differ between target-present and
target-absent trials. Houtkamp and Roelfsema treated only the
target-present trials as diagnostic of capture. However, it is not
clear why this should be so: if the second search target were
maintained in an inert, accessory state, it should not have attracted
attention, even when the first search target was absent, as it
remained irrelevant to the search task.

In addition to a complex empirical pattern that provides at least
some evidence consistent with guidance by the secondary item,
there are several methodological features of the Houtkamp and
Roelfsema (2006) study that limit its interpretation. First, most of
the experiments allowed participants to encode the targets verbally
or categorically and thus may not have been ideal for testing VWM
maintenance of the second target (i.e., the second target could have
been maintained as a verbal label or categorical code until re-
quired). Second, the two search targets were similar in that they

2 Note that we do not claim that all active items in VWM are equivalent
with respect to attentional guidance. There is likely to be task-based
prioritization, particularly in the current experiments in which only one
item was relevant to the search task.

3 This contrasts with the SIT prediction for capture when that target
value is static (Olivers et al., 2006; Soto et al., 2005). Under the SIT, when
the target is static, search guidance comes to rely on a LTM template
(Carlisle et al., 2011) rather than a VWM template. With the template slot
in VWM empty, the secondary item is automatically promoted to that state
(Olivers et al., 2011). Presumably, the template slot must always be filled,
although the precise reason for this has not been discussed in detail.
Because the secondary item occupies the vacated template slot, it interacts
with perceptual selection, generating capture.
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came from the same dimension (i.e., both were object line draw-
ings or both were colored disks, etc.). Thus, capture during the first
search could have been attributable to a failure to keep track of
which object was relevant for each of the subsequent search arrays.
Evidence of capture therefore cannot provide unambiguous sup-
port for the alternative hypothesis that multiple items were main-
tained in a state that guided attention. Finally, the experiments
often produced trend-level effects using a very small number of
participants, raising concerns about whether they had sufficient
power.

A second line of evidence supporting the SIT comes from a
similar study by Downing and Dodds (2004). In this method (see
Table 1), participants saw two novel silhouette shapes on each
trial. They searched for one of these in an array of novel shapes
(target present or absent) and remembered the second for a mem-
ory test at the end of the trial. The memory item could sometimes
appear as a distractor in the search display. Downing and Dodds
found no effect of the presence of a memory-matching distractor
on search times. However, other evidence within their results
suggests that the presence of a matching distractor interacted with
search. Across the two experiments, accuracy was higher on
target-present trials when the matching distractor was also present.
Moreover, accuracy was lower on target-absent trials when the
matching distractor was present. This pattern suggests that partic-
ipants sometimes responded “present” based on distractor object
presence rather than target presence. That is, participants did not
always keep track of which object was relevant for each task. This
complicates interpretation of the response time data. For example,
mean RT on target-present trials may have been artificially re-
duced when a matching distractor was present, because partici-
pants sometimes responded “present” if either of the two objects
was present in the array.

A final capture experiment supporting the SIT was reported in a
study by Olivers (2009). In Olivers’ Experiment 5, he imple-
mented a varied mapping condition similar to the task of Downing
and Dodds (2004). This method used color stimuli for both the
search and memory tasks (see Table 1). The search task involved
discrimination of a secondary target feature (notch location in a
colored target disk) so that all trials were target present, alleviating
some of the concerns about the present/absent method of Downing
and Dodds (2004) and Houtkamp and Roelfsema (2006). Olivers
likewise found no evidence of capture by the presence of an item
matching the secondary memory color, despite finding capture
when the target attribute remained static across trials (consistent
mapping condition).

In contrast with these studies, evidence indicating simultaneous
capture by multiple items in VWM comes from a recent experi-
ment in which the number of items in VWM was manipulated
along with the number of matching items in the display (Holling-
worth & Beck, 2016). This study used a fixed search target across
the experiment but addressed the same issue as in the studies
reviewed above. Reliable memory-based capture was observed
when two colors were maintained in VWM (cf., van Moorselaar,
Theeuwes, & Olivers, 2014), and this effect scaled with the num-
ber of matching distractors in the display (one vs. two), suggesting
that when two colors were held in VWM, both interacted with
selection (see also Chen & Du, 2017).

In sum, the extant evidence provides no clear resolution to the
question of whether a secondary item in VWM interacts with

perceptual selection to capture attention during search. The Hout-
kamp and Roelfsema (2006) results provides some, albeit incon-
sistent, evidence supporting guidance by a secondary item, but this
study has nevertheless been interpreted as consistent with the SIT.
The Downing and Dodds (2004) experiments provided no evi-
dence for secondary item capture. However, each of these studies
is difficult to interpret given the nature of the present/absent search
task and other methodological considerations. The Olivers (2009)
experiment provides the strongest evidence to date in favor of the
SIT, but this constitutes a single null effect. The Hollingworth and
Beck (2016) study found capture by multiple VWM items in a
search paradigm similar to that of Olivers, but this again was a
single experiment, and it differed from the other experiments
reviewed above in that the target value remained constant across
trials. Resolving this question is central to resolving the theoretical
debate between the SIT and MIT, with major implications for
understanding the architecture of attentional guidance by VWM
representations.

Present Study

In five experiments (1A, 1B, 2, 3, and 4), we examined whether
attention is captured by a stimulus matching a secondary item
maintained in VWM. The major design features were as follows
(see Figure 1 for illustration and Table 1 for summary):

• In all experiments, the search target value changed on a
trial-by-trial basis and thus should have occupied the
“template” slot under the SIT.

• Each search task involved finding a particular target object
and reporting a secondary feature of that object. Thus, all
trials were target-present trials, removing any need to
consider whether different strategies or mechanisms are
involved in search when a target is present or absent.

• In all experiments (except Experiment 3), when a distrac-
tor matching the secondary memory item was present in
the search array, the distractor was a singleton on the
matching dimension. This method has produced robust
memory-based capture in earlier experiments (Holling-
worth & Beck, 2016; Hollingworth & Hwang, 2013; Hol-
lingworth & Maxcey-Richard, 2013) but has not yet been
applied to examine attentional capture when the search
target value changes on a trial-by-trial basis.

• Each trial included two tasks: search and memory. Partic-
ipants saw a search cue and a memory item. They searched
for the cued target item, and then completed a two-
alternative memory test.

• In all experiments, the relevant dimensions for the search
and memory tasks were different (e.g., color memory and
shape search). The memory dimension was irrelevant to
the search task, minimizing the possibility that participants
would confuse which of the two stimuli was required for
each of the two tasks.

• The memory item and search cue stimuli were presented
sequentially rather than simultaneously (except in Exper-
iment 1B). Simultaneous presentation has been used in all
previous experiments of this type (see Table 1). We used
sequential presentation for two reasons. First, it created an
additional, temporal dimension on which the memory item
and search cue could be distinguished and segregated in
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memory. Second, the search cue always appeared after the
memory item, facilitating the assignment of the search cue
to the relevant “template” role, because it was presented
more recently than the memory item and immediately
before search. This is a conservative approach that should
only work against the prediction of the MIT.

• The memory task required a relatively precise representa-
tion of the color or shape of the remembered object. That
is, all memory tests included a foil from the same category
as the remembered item, forcing participants to retain
specific visual information in VWM and minimizing the
possibility that stimuli were encoded verbally or categor-
ically.

• As an additional safeguard against verbal encoding, all
experiments included simultaneous articulatory suppres-
sion (except Experiments 3 and 4, in which eyetracking
precluded this).

• Compared with previous experiments, the present experi-
ments were designed to have substantially more power to
detect an effect of secondary item memory match.

To preview the results, we found reliable capture by a secondary
memory item in all four experiments, using three different search
dimensions (color, shape, real objects), two different memory
dimensions (shape and color), and two markedly different search
tasks (search through arrays and search through natural scenes). In

addition, we implemented the capture paradigm using two differ-
ent dependent measures: manual RT and oculomotor capture.
Although effects on manual RT were statistically reliable, effect
sizes fell in the medium range (Experiments 1 and 2). In contrast,
the oculomotor capture measure, which provides a direct index of
the behavior of interest, produced large effects of secondary mem-
ory match (Experiments 3 and 4).

Experiments 1A and 1B

In Experiments 1A and 1B, the search task required participants
to find a shape-defined target (randomly selected on each trial) and
report the orientation of an embedded bar (see Figure 1). Simul-
taneously, they maintained a color in VWM in preparation for a
within-category memory test at the end of the trial. There were
three main conditions. In the Match condition, the search array
contained one uniquely colored item (never the target) that
matched the color category of the item maintained for the memory
task. In the Mismatch condition, the search array contained one
uniquely colored item (never the target) that did not match the
color category of the item maintained for the memory task. This
condition controlled for possible capture effects generated by the
mere presence of a color singleton in the array. Finally, in the
No-Singleton condition, the array did not contain a uniquely col-
ored item. Longer search RT in the Match compared with the

500 ms

700 ms

500 ms

700 ms

un�l response un�l response

500 ms

Memory
Sample

Search
Cue

Memory
Test

Search
Array

No Singleton

Mismatch

Match

Figure 1. Sequence of events in a trial and singleton-match manipulation for Experiment 1A. See the online
article for the color version of this figure.
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Mismatch condition would indicate memory-based capture driven
by the secondary memory item in VWM, consistent with the MIT.
Equivalent search RTs in the Match and Mismatch conditions
would indicate that the secondary memory item was inert with
respect to attentional guidance, consistent with the SIT. In Exper-
iment 1A, the memory sample and search cue were presented
sequentially. In Experiment 1B, they were presented simultane-
ously, as in previous studies testing this question (see Table 1).

Method

Participants. Given the inconsistent extant data, and methods
that were not always optimized to observe capture, it was not
possible to estimate the required sample size from previous exper-
iments. Instead, we used a relatively large sample size (40) to
ensure sufficient power to detect a medium sized effect. For the
type of within-subjects contrast of relevance here (distractor match
vs. mismatch), a sample of 40 has 80% power to detect an effect
of �p

2 � .18 (calculated using G�power, Faul, Erdfelder, Lang, &
Buchner, 2007). Each participant was recruited from the Univer-
sity of Iowa community, was between the ages of 18 and 30,
reported normal or corrected to normal vision, and completed the
experiment for course credit. In Experiment 1A, three participants
were replaced, two who failed to perform significantly above
chance on the memory task and one who failed to perform signif-
icantly above chance on the search task. Of the final 40 partici-
pants, 32 were female. In Experiment 1B, two participants who
failed to perform significantly above chance on the memory task
were replaced. Of the final 40, 26 were female. All human subjects
procedures were approved by the University of Iowa Institutional
Review Board. Each participant completed only one of the exper-
iments in this series.

Apparatus. The apparatus was the same for Experiments 1
and 2. The stimuli were presented on an LCD monitor (resolution:
1280 � 960 pixels) with a refresh rate of 100 Hz at a viewing
distance of 77 cm, maintained by a chin and forehead rest. Manual
responses to both the search and memory test were collected with
a response pad. The experiment was controlled by E-prime soft-
ware (Schneider, Eschmann, & Zuccolotto, 2002).

Stimuli and procedure, Experiment 1A. After arriving for
the experiment session, participants provided informed consent
and were given oral and written instructions. They were tested
individually in the presence of an experimenter. The sequence of
events in a trial in Experiment 1A is illustrated in Figure 1. At the
beginning of each trial, participants saw a screen with a “Press
Button” message and four digits (not pictured in Figure 1). They
began repeating the digits aloud at a rate of approximately two
digits per second (monitored by the experimenter). After pressing
a button to begin the trial, there was a 500-ms delay (fixation cross
only), followed by a memory stimulus for 500 ms, a 700-ms ISI,
a search cue for 500 ms, a 700-ms ISI, a search array until
response, a 500-ms ISI, and a memory test stimulus until response.
Participants responded to the search array to indicate whether a bar
in the target shape was oriented horizontally (left button) or
vertically (right button). They responded to the memory test array,
using the same buttons, to indicate whether the exact match to the
memory color was on the left or right. On trials with an incorrect
memory test response, a message with a central, red “incorrect”
was displayed for 300 ms. Feedback was not provided for the

search task. There was an inter-trial-interval of approximately 500
ms before the appearance of the next “Press Button” screen.

All stimuli were presented against a black background with a
central grayscale fixation cross subtending 0.61° � 0.61°. For the
memory task, there were 12 possible colors, with three values in
each of four color categories, reported in the Commission Inter-
nationale de l’Eclairage (CIE) 1931 color coordinate system: reds
(x � 0.63, y � 0.33, 48.6 cd/m2; x � 0.61, y � 0.32, 20.8 cd/m2;
x � 0.61, y � 0.33, 29.9 cd/m2), blues (x � 0.16, y � 0.09, 52.7
cd/m2; x � 0.15, y � 0.05, 28.2 cd/m2; x � 0.17, y � 0.11, 25.8
cd/m2), greens (x � 0.31, y � 0.60, 31.5 cd/m2; x � 0.27, y �
0.46, 47.4 cd/m2; x � 0.31, y � 0.61, 59.8 cd/m2), and yellows
(x � 0.38, y � 0.49, 176.6 cd/m2; x � 0.41, y � 0.47, 163.0 cd/m2;
x � 0.39, y � 0.49, 116.1 cd/m2). The memory item color was
selected randomly from this set of 12 on each trial. The memory
stimulus was a disk (a shape not used in the search arrays) with a
diameter of 1.34° of visual angle, presented centrally. For the
memory test, two colored disks (each subtending 1.34°) were
presented to the left and right of central fixation at an eccentricity
of 2.0° (measured to the center). The color of one of the test disks
was identical to the initial memory disk (correct alternative). The
foil color was drawn randomly from the remaining two colors in
the same category. The locations of the matching and foil colors,
and thus the correct response, were determined randomly on each
trial.

For the search task, the search cue was a single, grayscale (x �
0.29, y � 0.29, 74.2 cd/m2) shape selected randomly from four
possible shapes that could appear in the search array: square, triangle,
star, and cross. The shapes subtended, on average, 1.46° � 1.46°. The
eight search items in the array were presented on a virtual circle
around central fixation with a radius of 4.06°. The location of the first
shape was selected randomly within a range from 1° to 45°. The
remaining shapes were offset, each progressively by 45° around the
virtual circle. Each shape contained a small, black bar (0.35° �
0.04°), oriented either vertically or horizontally (randomly selected
for each item). One shape in the array matched the cue shape (location
randomly selected). The other seven shapes in the array were chosen
randomly from the remaining three nontarget shapes.

In the No-singleton condition, all of the shapes in the array were
grayscale. In the remaining conditions, one of the distractor shapes
was uniquely colored (randomly selected from the seven distractor
items). In the Match condition, this singleton color matched the
color category of the memory item color. Match trials were further
divided into Exact and Inexact matches. On Exact Match trials, the
singleton color was the same color as the memory item color. On
Inexact Match trials, the singleton color was the color (from the
same memory category) that would appear as the foil in the
memory test. This discouraged participants from strategically at-
tending to a matching array color in order to improve performance
on the memory test (for similar methods, see Hollingworth &
Beck, 2016; Hollingworth et al., 2013b; Olivers et al., 2006). In the
Mismatch condition, the color singleton value was selected ran-
domly from the values in the three color categories not used for the
memory task on that trial. Participants were instructed that on
some trials, one of the objects in the search array would have a
unique color, but that this object would never be the search target.

Participants first completed a practice block of 12 trials. Then
they completed two experimental blocks, with a short break be-
tween blocks. Each experimental block contained 160 trials: 50%
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(80) in the No-singleton condition, 25% (40) in the Mismatch
condition, and 25% (40) in the Match condition (evenly divided
between Exact Match and Inexact Match). The No-singleton trials
were included so that participants would not anticipate the pres-
ence of a color singleton on every trial. Trials from the various
conditions were randomly intermixed. The entire experiment
lasted approximately 45 min.

Stimuli and procedure, Experiment 1B. The stimuli and
procedure were the same as in Experiment 1A, except that the
memory sample and search cue were combined into a single
display. The memory item was always presented above the central
fixation cross, and the shape cue below the central fixation cross.
Each was 1.54° from screen center. After initiating digit repetition
and pressing a button to start the trial, there was a 500-ms delay,
followed by the combined memory item and search cue display
presented for 1500 ms, followed by a 1000-ms ISI before appear-
ance of the search array.

Results

Search accuracy. Overall search task accuracy was 92.5%
correct in Experiment 1A (see Table 2) and 94.4% correct in
Experiment 1B. There was no effect of singleton-match condition
(No-singleton, Mismatch, Match) in either experiment: Experiment
1A, F(2, 78) � 0.633, p � .534, �p

2 � .016; Experiment 1B, F(2,
78) � 0.056, p � .946, �p

2 � .001.
Manual RT. The critical measure was mean search time as a

function of singleton-match condition (Figure 2 and Table 2). The
analysis was limited to correct search trials, and trials with RTs
more than 2.5 SD from the participant’s mean in each condition
were removed (2.8% of the correct search trials in Experiment 1A;
2.6% in Experiment 1B). The pattern of results was not influenced

by trimming in any of the experiments reported in this study. The
analyses included trials on which the participant was either correct
or incorrect on the ultimate memory test, since the memory test
required a much more precise representation of color than would
have been needed to guide attention (Hollingworth et al., 2013b).
Analyses limited to memory-correct trials produced the same
pattern of results as the full analysis in all experiments.

There were two planned contrasts. The first was between the
No-singleton and Mismatch trials to assess the effect of the mere
presence of a color singleton in the array. The second was between
the Mismatch and Match trials to assess the critical effect of match
to the memory color, controlling for the presence of a color
singleton. For Experiment 1A, there was no reliable difference
between mean RT in the No-singleton (1240 ms) and Mismatch
(1258 ms) conditions, t(39) � 1.07, p � .290, �p

2 � .029, although
the numerical difference was in the direction expected by singleton
capture. Critically, mean RT was reliably higher in the Match
condition (1287 ms) than in the Mismatch condition, t(39) � 2.44,
p � .019, �p

2 � .132, indicating attentional capture by the array
item matching the secondary color maintained in VWM. For
Experiment 1B, there was a reliable difference between mean RT
in the No-singleton (1135 ms) and Mismatch (1170 ms) conditions
(see Figure 2 and Table 2), t(39) � 4.32, p � .001, �p

2 � .324,
consistent with capture by any color singleton. Critically, mean RT
was again reliably higher in the Match condition (1191 ms) than in
the Mismatch condition, t(39) � 2.25, p � .030, �p

2 � .115,
indicating memory-based attentional capture by the secondary
color maintained in VWM.

We also examined the RT data in the Match condition as a
function of whether the match was exact or inexact. There was no
reliable difference between these subconditions in either experi-
ment: Experiment 1A, t(39) � 1.63, p � .111, �p

2 � .064; Exper-
iment 1B, t(39) � 1.22, p � .228, �p

2 � .037. The absence of an
effect of Exact/Inexact Match is consistent with previous reports
(e.g., Hollingworth & Beck, 2016; Hollingworth et al., 2013b).

Memory accuracy. Mean percent correct on the memory task
was 69.7% in Experiment 1A and 74.4% in Experiment 1B (see
Table 2). In Experiment 1A, accuracy did not reliably differ
between the three conditions (no singleton, match, mismatch), F(2,
78) � 2.31, p � .106, �p

2 � .056. In Experiment 1B, there was a
reliable effect of condition on memory accuracy, F(2, 78) � 9.92,
p � .001, �p

2 � .203. There was a nonsignificant trend for lower
accuracy in the Mismatch condition (74.3%) than in the No-
singleton condition (75.8%), t(39) � 1.95, p � .059, �p

2 � .087,
and accuracy was reliably lower in the Match condition (71.7%)
than in the Mismatch condition, t(39) � 2.63, p � .012, �p

2 � .150.
This pattern is consistent with the possibility that capture of
attention during search impaired memory performance. Note that a
similar numerical pattern was observed in Experiment 1A.

We also examined memory accuracy in the Match condition as
a function of whether the match was exact or inexact. In Experi-
ment 1A, memory accuracy was reliably higher on Exact Match
(70.0%) than on Inexact Match (64.9%) trials, t(39) � 3.10, p �
.004, �p

2 � .198. A similar effect was observed in Experiment 1B:
Exact Match (73.3%), Inexact Match trials (70.1%), t(39) � 2.17,
p � .036, �p

2 � .108. This pattern is consistent with the capture of
attention by the memory matching item, leading to a higher prob-
ability of memory encoding for the color of the search item
(Schmidt, Vogel, Woodman, & Luck, 2002; Scholl, 2000) or to the

Table 2
Search Accuracy (%), Search RT (ms), and Memory Accuracy
(%) for the Array-Based Search Experiments (1A, 1B, 2, and 4)
as a Function of Singleton-Match Condition

Search Memory

Experiment Accuracy (SE) RT (SE) Accuracy (SE)

Experiment 1A
No singleton 92.8 (0.96) 1240 (37.3) 70.4 (1.14)
Mismatch 92.3 (1.16) 1258 (36.3) 70.0 (1.21)
Match 92.1 (1.21) 1287 (40.8) 67.9 (1.51)

Experiment 1B
No singleton 94.5 (0.65) 1137 (32.9) 75.8 (1.39)
Mismatch 94.4 (0.83) 1171 (33.7) 74.5 (1.54)
Match 94.3 (0.86) 1193 (35.8) 71.7 (1.40)

Experiment 1
(no memory control)

No singleton 95.3 (0.60) 1098 (39.1) —
Mismatch 95.6 (0.65) 1110 (42.9) —
Match 95.2 (0.63) 1091 (39.0) —

Experiment 2
No singleton 95.4 (0.76) 977 (31.7) 79.4 (1.45)
Mismatch 95.5 (0.82) 990 (31.5) 79.9 (1.63)
Match 95.8 (0.69) 1013 (37.0) 77.9 (1.50)

Experiment 4
No singleton 95.5 (1.40) 1171 (41.0) 83.6 (1.72)
Mismatch 95.7 (1.00) 1222 (56.0) 85.1 (1.83)
Match 96.3 (0.79) 1274 (54.4) 82.1 (2.80)
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biasing of the memory color value toward the array color value
(Schneegans, Spencer, Schöner, Hwang, & Hollingworth, 2014).
At test, there would be a greater probability that when retrieving
the relevant color, participants would retrieve a color more similar
to the array item than to the original memory item. This would
increase performance on Exact Match trials and decrease perfor-
mance on Inexact Match trials. It is also possible that the accuracy
difference reflected a strategy of attending to matching items in an
effort to improve performance on the memory test. However, there
are two reasons that this is unlikely. First, if participants based
their response to the memory test on the color of the array item
rather than the color of the memory item, they should have
performed significantly below chance on the memory test in the
Inexact Match condition, since the inexact color matched the
memory foil color. Second, if a strategy of attending to similar-
color array items was the cause of the memory-based capture
effect, then there should have been a positive relationship between
a participant’s memory accuracy difference between Exact and
Inexact Match trials (Exact accuracy � Inexact accuracy) and the
size of a participant’s capture effect (Match RT – Mismatch RT).
Yet, there was no such relationship in either experiment: Experi-
ment 1A, r � .031, t(38) � 0.190, p � .851; Experiment 1B,
r � �.091, t(38) � �0.561, p � .578.

Discussion

Experiment 1 was designed to optimize sensitivity to memory-
based capture from a secondary item maintained in VWM while
also replicating the basic methods of earlier capture studies
(Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006; Oli-
vers, 2009). Indeed, there was reliable memory-based capture in
the Match condition (compared with the Mismatch condition), both
when the memory item and search cue were presented sequentially
(Experiment 1A) and simultaneously (Experiment 1B). Color was
the dimension on which the distractor matched the secondary
memory item. This serves to clarify the results of Houtkamp and
Roelfsema (2006), who also found color-based capture, but only in
a subset of conditions. The results are consistent with the MIT,
holding that multiple items in VWM (the search target and a
secondary color) can interact with selection simultaneously.4

Experiment 2

In Experiments 1A and 1B, reliable memory-based capture
was observed when the match to VWM was on the dimension
of color. In contrast, the ambiguous effects of memory match
observed by Houtkamp and Roelfsema (2006) and the null
effects observed by Downing and Dodds (2004) came primarily
from paradigms in which the match to VWM was on the
dimension of shape. Thus, it is possible that shape memory is
less efficient in capturing attention. To test this, in Experiment
2 we reversed the roles of shape and color in the Experiment 1
paradigm (see Figure 3). Participants remembered a shape for a
within-category memory test. For the search task, they saw a
color cue and searched for the target color among a set of
colored disks. In the Match and Mismatch conditions, a shape-
singleton distractor either matched or mismatched the category
of the shape held in VWM.

4 In memory-based capture experiments, it is important to eliminate the
possibility that the match effect was attributable to low-level priming from
the mere appearance of the memory color before search. To do this, we ran
a control experiment (N � 40, 20 female) that was identical to Experiment
1A, except there was no memory test at the end of the trial; the trial ended
upon response to the search array. Thus, although participants saw the
colored disk at the beginning of the trial, there was no demand to maintain
the color in VWM across the search task. Participants were informed that
the appearance of the colored square signaled that the trial was about to
begin. The data are reported in Table 2. Overall search accuracy was 95.3%
correct, and there was no effect of singleton-match condition, F(2, 78) �
0.389, p � .679, �p

2 � .010. For Manual RT, there was no reliable
difference between the No-singleton (1098 ms) and Mismatch (1110 ms)
conditions, t(39) � 1.10, p � .278, �p

2 � .030. Critically, there was no
reliable difference between the Match (1091 ms) and Mismatch conditions,
t(39) � 1.54, p � .131, �p

2 � .058. In sum, when the demand to remember
the color disk was eliminated, the memory-based capture effect was also
eliminated. Thus, capture in the main experiment was likely to have been
caused by active memory maintenance and was unlikely to have been
caused by low-level priming. Dependence of capture on active mainte-
nance in VWM is consistent with several additional studies that have used
similar tests (Bahle et al., 2017; Hollingworth & Luck, 2009; Holling-
worth, Matsukura, & Luck, 2013a; Hollingworth et al., 2013b).
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Figure 2. Mean search RT results as a function of singleton-match condition for Experiments 1A, 1B, 2, and
4. Error bars are condition-specific, within-subject 95% confidence intervals (Morey, 2008).
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Method

Participants. Forty new participants from the University of
Iowa community completed the experiment for course credit. Each
was between the ages of 18 and 30 and reported normal or
corrected to normal vision. Two participants were replaced, one
who failed to perform significantly above chance on the memory
task and one who failed to perform significantly above chance on
the search task. Of the final 40, 32 were female.

Stimuli and procedure. For the memory task, there were 12
possible shapes, with three similar versions in each of four shape
categories: cross, diamond, star, and triangle. The different ver-
sions of each shape were derived from a canonical version: Each
vertex of the canonical shape was jittered by a random value
between �.12° and .12° visual angle. The memory shape was
selected randomly from this set of 12 on each trial, and the foil
shape in the memory test was selected using the same method as
in Experiment 1.

For the search task, the search cue was a single colored disk,
with a color selected randomly from four possible colors that could
appear in the search array (x � 0.44, y � 0.47, 59.6 cd/m2; x �
0.57, y � 0.38, 48.6 cd/m2; x � 0.61, y � 0.24, 48.0 cd/m2; x �
0.51, y � 0.25, 50.3 cd/m2). These same four colors appeared on
every trial. They were selected from a circular color space (CIE
L�a�b space centered at L � 60, a � 18, b � 36; radius � 65), with

each color value evenly spaced along a continuous section of the
wheel, separated by 35°. Thus, interitem similarity was relatively
high. This selection was developed based on pilot testing to equate,
approximately, search times in this experiment and in Experiment
1. One color in the array matched the cue color. The colors of the
remaining seven disks were chosen randomly from the three non-
target colors. In the No-singleton condition, all of the array objects
were disks. In the Match condition, one of the colored items was
a singleton shape that matched the category of the remembered
shape (again, the match could be exact or inexact). In the Mis-
match condition, the singleton shape was drawn from one of the
two shape categories not used for the memory test.

The procedure was the same as in Experiment 1A, except
participants remembered a grayscale shape and searched through
the array for a colored object that matched the search target color.

Results

Search accuracy. Overall search accuracy was 95.5% correct
(see Table 2), and there was no effect of singleton-match condition
(No-singleton, Mismatch, Match), F(2, 78) � 0.449, p � .640,
�p

2 � .011.
Manual RT. The analysis was limited to correct search trials,

and trials with RTs more than 2.5 SD from the participants’ mean
in each condition were removed (2.9% of the correct search trials).
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500 ms

700 ms

un�l response un�l response
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Search
Cue

Memory
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Search
Array

No Singleton

Mismatch

Match

Figure 3. Sequence of events in a trial and singleton-match manipulation for Experiment 2. See the online
article for the color version of this figure.
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There was no reliable difference between mean RT in the No-
singleton (977 ms) and Mismatch (990 ms) conditions (see Figure
2 and Table 2), t(39) � 1.38, p � .175, �p

2 � .047. Mean RT was
reliably higher in the Match condition (1013 ms) than in the
Mismatch condition, t(39) � 2.03, p � .049, �p

2 � .096, indicating
memory-based attentional capture by the secondary shape main-
tained in VWM.5

We also examined the RT data in the Match condition as a
function of whether the match was exact or inexact. There was no
reliable difference between these subconditions, t(39) � 1.30, p �
.201, �p

2 � .042, with mean RT of 1021 ms in the Exact Match
condition and 1004 ms in the Inexact Match condition.

Memory accuracy. Mean percent correct on the memory task
was 79.1% (see Table 2). There was a marginal effect of singleton-
match condition, F(2, 78) � 3.08, p � .051, �p

2 � .073. There was
no reliable difference between the Mismatch condition (79.9%)
and the No-singleton condition (79.4%), t(39) � 0.74, p � .466,
�p

2 � .014. There was a trend toward lower accuracy in the Match
condition (77.9%) than in the Mismatch condition, t(39) � 1.94,
p � .060, �p

2 � .080, again consistent with memory impairment in
conditions with greater capture.

As in previous experiments, memory accuracy was reliably higher
on Exact Match (79.8%) than on Inexact Match (76.0%) trials,
t(39) � 2.77, p � .009, �p

2 � .164. There was no reliable relationship
between the size of this Exact-Inexact difference and the size of the
participants’ memory-based capture effect (Match RT � Mismatch
RT), r � �.068, t(38) � �0.418, p � .679.

Discussion

A secondary shape stimulus maintained in VWM for a later
memory test produced reliable capture when that shape appeared
as a distractor in a search array, even though the search target color
changed from trial to trial and, under the SIT, should have been
maintained in VWM as the template. The results indicate that the
secondary item influenced selection, consistent with the MIT.
Moreover, the difference between our results and those of previous
studies is unlikely to have been caused by differences in the
remembered feature dimension.

Omnibus Analysis of Experiments 1 and 2

The key effect (higher RT in the Match condition than in the
Mismatch condition) was observed in each of Experiments 1A, 1B,
and 2. To obtain a precise estimate of the effect size for these
array-based capture experiments, we combined the data in an
omnibus analysis, treating experiment as a between-subjects fac-
tor. There was a reliable difference between Match and Mismatch
conditions, F(1, 117) � 15.0, p � .001, �p

2 � .114, and no
interaction between match condition and experiment, F(2, 117) �
0.141, p � .869, �p

2 � .002. The omnibus effect size (�p
2 � .114)

falls in the “medium” range (Cohen, 1988). Note that with this
effect size, an N of 63 would be required achieve 80% power.
Thus, even with an N of 40, our experiments were, individually,
somewhat underpowered.6 This highlights the difficulty in making
confident inferences from previous studies that observed null or
ambiguous effects using much smaller sample sizes (see Table 1).

Experiment 3

In Experiments 1 and 2, we eliminated two plausible explana-
tions for the difference between our capture effects and the null or
ambiguous effects reported by Houtkamp and Roelfsema (2006);
Downing and Dodds (2004), and Olivers (2009, Experiment 5).
There are several differences remaining between our method and
the individual methods of one or more of these experiments.
However, trying to pinpoint the precise source could be a long and
ultimately futile endeavor, particularly if earlier null and ambigu-
ous effects were simply the result of insufficient power. Moreover,
our results are at least partially consistent with those of Houtkamp
and Roelfsema, who reported some evidence indicating guidance
by a secondary memory item. Thus, we took a different approach
in Experiment 3. We attempted to establish the generality of the
capture effect in a different search paradigm (search through
natural scenes) and using a different dependent measure (oculo-
motor capture). This method had the further benefit of eliminating
one of the final remaining differences between our experiments
and the methods of all previous studies: when there was a memory-
matching distractor in the search display, it was no longer a
singleton on the matching dimension (see Table 1).

As illustrated in Figure 4, participants searched for a target
object in a natural scene, reporting the orientation of a letter
superimposed upon it. Before search, they saw a cue displaying a
picture of the target object. As in previous experiments, the target
changed on each trial; under the SIT, the cue representation should
have occupied the active, “template” role in VWM. The search
task was flanked by a color memory task similar to that in Exper-
iment 1. The primary manipulation was the match between the
remembered color and the color of a critical distractor object in the
scene. We examined two measures of capture. The primary mea-
sure was the probability of fixating the critical distractor. Capture
of attention by a memory-matching item should increase the prob-
ability that the distractor was fixated. The secondary measure was
overall search time, operationalized as the time until the first
fixation on the target object. This measure is limited because total
search time through a scene is influenced by many factors, includ-

5 Consistent with the standard of full disclosure, we report the results
from two partial experiments conducted while refining the Experiment 2
method. The first used a set of highly discriminable and categorically
unique colors for the search task. This experiment was discontinued after
18 participants who met performance criteria, because the difficulty of the
search task was not well equated with that in Experiment 1. That is, mean
search RT was much lower in this experiment than in Experiment 1:
No-singleton � 812 ms, Mismatch � 827 ms, Match � 841 ms. The
contrast between Mismatch and Match conditions was not reliable in this
sample, t(17) � 1.43, p � .173, �p

2 � .106. We then selected the search
colors from a small region of color space to increase the difficulty of the
search task. This second partial experiment was discontinued after 17
participants, because the search task became too difficult, leading to longer
RTs and substantially lower search accuracy (M � 86% correct) than in
Experiment 1. Accuracy fell below the standard criterion for RT experi-
ments in our laboratory (M � 90% correct). The condition means were as
follows: No-singleton � 1371 ms, Mismatch � 1388 ms, Match � 1373
ms. The contrast between Mismatch and Match conditions was not reliable
in this sample, t(16) � .628, p � .540, �p

2 � .024. The region of color space
for selection of the search stimuli was then expanded in Experiment 2.

6 In the two partial experiments reported in Footnote 3—which used
smaller sample sizes (18 and 17) and were rejected for reasons unrelated to
the effect of interest—we did not observe reliable capture effects.
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ing idiosyncratic differences between scene items. Moreover, in
the present implementation, there were only 24 observations per
cell (scenes were not viewed more than once) compared with 80
observations per cell in Experiment 1 and 2. Nevertheless, atten-
tional capture by a memory-matching item should generally pro-
duce longer overall search times in the Match condition than in the
Mismatch condition.

Method

Participants. Twelve new participants from the University of
Iowa community completed the experiment for course credit. This
N was chosen on the basis of a similar experiment (Bahle et al.,
2017, Experiment 1 picture-cue condition, N � 20).7 The effect
size from this previous study (�p

2 � .684) indicated that, to detect
the effect of memory match on the probability of distractor fixa-
tion, a minimum of six participants would be necessary to achieve
80% power. Thus, the choice of 12 participants was conservative.
Each was between the ages of 18 and 30 and reported normal or
corrected to normal vision (we excluded participants who needed
contact lenses to achieve normal vision). Two participants were
replaced because they did not perform significantly above chance
on the memory task. Of the final 12 participants, eight were
female.

Apparatus. The position of the right eye was monitored using
an SR Research Eyelink 1000 eyetracker, sampling at 1000 Hz.
Otherwise, the apparatus was the same as in Experiments 1 and 2.

Stimuli and procedure. Ninety-six photographs of real-world
scenes constituted the stimulus set (primarily indoor environments;
see Bahle et al. (2017) for a complete list of scene items and target
objects), each subtending 26.32° � 19.53°. The target object in
each scene was chosen as clearly visible and identifiable (e.g.,
heavily occluded objects, objects in deep shadow, or objects with
atypical appearance for their category were not considered as
potential targets). None of the targets appeared at the center of the
scene. Targets subtended between 1.63° � 1.59° and 9.30° � 7.56°
visual angle, with a mean of 3.27° � 3.34°. The mean eccentricity of
targets (screen center to object center) was 7.62°. Superimposed on

the search target object in each scene was a left or right facing ‘F’ in
Arial font, subtending 0.25° � 0.41°. The ‘F’ was either black, white,
or gray, chosen to ensure visibility when superimposed over each
target. This also ensured that participants could not search for the
target letter solely based on luminance or contrast. To ensure that
participants searched for the depicted target object (rather than just
searching for an ‘F’), distractor ‘F’s (also black, white, or gray) were
superimposed on two other objects in each scene. These objects were
randomly selected from a set of eight objects in each scene that could
plausibly serve as a target. The orientations of the target ‘F’ and the
two distractor ‘F’s were randomly determined.

Half (48) of the scenes were experimental items and half filler
items. The experimental items contained a critical distractor ob-
ject. VWM content was manipulated so that this object either
matched or mismatched a color maintained in VWM. In the filler
scenes, no object was a close match for the color maintained in
VWM. The critical distractor in each experimental scene was
chosen to have a relatively uniform color across its surface, which
varied across the set of scene items. The distractors ranged from
subtending 1.63° � 1.59° to 9.40° � 8.70°, with a mean of
3.34° � 3.86°. The critical distractor never had a superimposed
‘F.’ Note that the images for a particular scene item were identical
in the Match and Mismatch conditions: VWM-match was manip-
ulated by changing the remembered color, not the scene.

The memory color square was presented centrally, subtending
1.64° � 1.64°. On Match trials, the memory color was the average
RGB color value across all pixels of the critical distractor. Thus,
there was rarely any major part of the object that was an exact
match with the remembered color, and it is therefore unlikely that
participants attended to the distractor strategically to improve

7 This experiment was designed to answer a different question (concern-
ing the relative roles of template- and gist-based guidance during search
through scenes). The present Experiment 3 differed in the order of the
presentation of the memory item and search cue stimuli, in the absence of
a category label accompanying the picture cue, in the presence of distractor
“F”s in the display, and in minor aspects of stimulus timing (see Bahle et
al., 2017).
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Figure 4. Sequence of events in a trial and match manipulation for Experiment 3. See the online article for the
color version of this figure.
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memory performance. On Mismatch trials, the memory color was
selected from a different color category than on Match trials. The
memory colors associated with a scene item (Match and Mis-
match) were consistent across participants. For the end-of-trial
memory test, two colored squares were presented to the left and
right of central fixation (randomly assigned). One of the colored
squares was an exact match to the color presented for memoriza-
tion. The other colored square varied from the exact match square
by � 25 on each of the three RGB channels, with the � direction
determined randomly for each channel. If an increment of �
or �25 was not possible because of boundary limitations, the value
was selected in the reverse direction. The magnitude of the color
difference was piloted to generate memory accuracy similar to that
observed in Experiments 1 and 2.

The search cue consisted of an image of the target object
presented at the center of the display. The target image was
extracted from the scene itself and was presented at the same size
as it would appear in the scene.

Participants were instructed to search each scene for the object
that matched the picture cue and to report whether the “F” was
normally oriented or mirror-reversed. They were also instructed
that if there was an object in the scene with a color similar to the
memory square, this object would never contain the target “F”.
The eyetracker was calibrated at the beginning of the session and
was recalibrated as necessary throughout the experiment.

The experimenter waited until the participant fixated the screen
center and then pressed a silent button to initiate each trial. After
a delay of 400 ms, a fixation cross appeared for 400 ms, followed
by the memory item for 500 ms, a 700-ms ISI, the search cue for
500 ms, a 700-ms ISI, the search scene until response, a 500-ms
ISI, and the memory test display until response. Participants
pressed the right button to indicate a normally oriented “F” and the
left button to indicate a mirror-reversed “F”. They used the same
buttons to indicate whether the color square on the left or right was
an exact match for the memory color. On trials with an incorrect
memory test response, a message with a central, red “incorrect”
was displayed for 300 ms. Feedback was not provided for the
search task.

Participants first completed a six-trial practice session. Then,
they completed an experimental session of 96 trials: 24 Match
trials, 24 Mismatch trials, and 48 filler trials. Trial order was
randomly determined. Participants saw each scene once. Across
the experiment, each scene appeared in each condition an equal
number of times, with the assignment of scenes to the two match
conditions counterbalanced across pairs of participants. The entire
session lasted approximately 40 min.

Results

The primary analyses concerned eye movement measures. Sac-
cades were defined by a combined velocity (30°/s) and accelera-
tion (8000°/s2) threshold. Eyetracking data were analyzed with
respect to two regions of interest: the target region and the critical
distractor region, which never overlapped. Both regions were
rectangular and extended approximately 0.3° beyond the edges of
the target and critical distractor objects, respectively. Trials were
eliminated from further analysis if the very first fixation on the
scene fell in one of the two regions of interest (rather than at the
center of the screen), if the target object was not fixated during

search, if the search response was incorrect, or if the search time
on a trial (elapsed time until target fixation) was more than 2.5 SD
from the participant’s condition mean. A total of 8.7% of trials was
eliminated. Trial elimination did not alter the pattern of results.

We first report oculomotor capture results, quantified as the
probability of fixating a critical distractor on Match compared with
Mismatch trials. Then, we report global measures of target fixation
and search time.

Distractor fixation. Participants were more likely to fixate
the critical distractor when they were remembering a color that
matched the color category of that object than when they were
remembering a mismatching color (Figure 5A). The mean proba-
bility of fixating the critical distractor object during search was
reliably higher on Match trials (.236) than on Mismatch trials
(.110), t(11) � 4.45, p � .001, �p

2 � .643.
To examine the evolution of this effect across the course of

search, we calculated the probability of fixating the critical
distractor at each ordinal fixation number (Figure 5B). Fixation
1 was defined as the first participant-controlled fixation (after
the first saccade following scene onset). This analysis was
limited by the fact that there was substantial variation in the
number of fixations in a trial before the target was found and the
trial ended, yielding a smaller and smaller number of observa-
tions as ordinal fixation increased. Thus, we included an ordinal
fixation bin in the Figure 5 only if a participant contributed at
least 16 of 24 trials to the bin and only if 9 of the 12 partici-
pants’ data were available. The relatively small number of
depicted bins reflects the fact that targets were generally found
after only a few saccades. As is evident from the figure, the
effect of memory match was observed from the very first
subject-controlled fixation.

Target fixation and search RT. Figure 5C shows the cumu-
lative probability of having fixated the target by each ordinal
fixation. On most trials, gaze was directed to the target in just a
few saccades, which is unsurprising given that participants were
given a pictorial cue. Of greater interest, however, there was no
obvious influence of match condition on the time-course of target
fixation, with similar cumulative functions in the Match and Mis-
match conditions. Further, an analysis of the mean number of
fixations until the first fixation on the target revealed no reliable
effect of match condition [Match � 2.61; Mismatch � 2.59;
t(11) � 0.256, p � .803, �p

2 � .006], and there was no effect of
match condition on the elapsed time until the first fixation on the
target [Match � 548 ms; Mismatch � 558 ms; t(11) � 0.421, p �
.682, �p

2 � .016] or on Manual RT [Match � 1320 ms; Mis-
match � 1336 ms; t(11) � 0.390, p � .705, �p

2 � .014].8 Thus, and
intriguingly, robust differences in the probability of critical dis-
tractor fixation early in the trial did not produce observable dif-
ferences in the overall time necessary to complete search. This is
likely caused by the fact that the effect of distractor fixation
probability was most prominent for the very first saccade on the
scene (see Figure 5B). Yet, this saccade was very rarely directed to

8 Note that the sample size in Experiment 4 was chosen to have suffi-
cient power to detect a match effect on the probability of oculomotor
capture and may not have had sufficient power to detect effects on more
variable, end-of-trial dependent measures, such as RT and elapsed time to
target fixation. Nevertheless, we reported inferential statistics to connect
the present results with the results of Experiments 1–3.
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the target, even in the Mismatch condition (only 	15% of trials,
see Figure 5C). That is, the first saccade was typically not guided
accurately to the target in either condition. Participants were then
able to direct subsequent saccades efficiently to the target in a
manner that was very similar in the two match conditions.

Search and memory accuracy. Overall search accuracy was
very high and did not differ as a function of match condition, with
96.5% in the Match condition and 97.2% in the Mismatch condi-
tion, t(11) � 0.320, p � .755, �p

2 � .009. In addition, memory
accuracy did not differ between the Match (72.9%) and Mismatch
(76.0%) conditions, t(11) � 1.06, p � .313, �p

2 � .092.
Omnibus estimate of effect size. The key effect (higher prob-

ability of distractor fixation in the Match condition than in the
Mismatch condition) generated an effect size of �p

2 � .643. To
obtain a more precise estimate of the effect size for this type of
oculomotor, scene-based capture experiment, we combined the
data from Experiment 3 with data from the similar experiment
reported in Bahle et al. (2017, Experiment 1 picture-cue condi-
tion), treating experiment as a between-subjects factor. There was
a reliable difference between match conditions, F(1, 30) � 42.3,
p � .001, �p

2 � .585. This effect size can be used to guide future
research seeking to replicate or extend the present effect.

Discussion

In Experiment 3, we tested the generality of capture by an object
matching a secondary item in VWM, using a different search task
(search for objects in scenes) and a different primary dependent
measure (probability of critical distractor fixation). There was a
robust effect of memory match, with the probability of distractor
fixation approximately doubled when that object matched the color
of a secondary VWM item. Interestingly, the capture effect did not
produce observable differences in overall search time: the effect
was most prominent for the very first saccade on the scene, which

was not itself strongly guided to the target, even in the Mismatch
condition. This raises the possibility that capture effects early in a
search trial will not always be reflected reliably in end-of-trial
measures, highlighting the value of using techniques that provide
a continuous window on selection processes, such as eye tracking.

Experiment 4

What might account for the difference in effect size between
Experiments 1–2 and Experiment 3? Experiment 3 differed from
Experiments 1 and 2 on several methodological dimensions, in-
cluding the oculomotor dependent measure, the use of natural
scene stimuli, and the naturalistic search task (real objects instead
of abstract colors and shapes). Results from Experiment 3 suggest
that the dependent measure may be a key difference: The robust
oculomotor capture effect did not produce a reliable difference in
overall search time, indicating that oculomotor capture may be
more sensitive than end-of-trial measures of search RT. Note that
in the similar experiment reported in Bahle et al. (2017), there was
a large oculomotor capture effect as a function of memory match
(�p

2 � .648), but a substantially smaller effect on overall search
times (�p

2 � .281), although this latter effect was statistically
reliable.

Thus, the primary purpose of Experiment 4 was methodological:
to identify the experimental conditions most sensitive to capture
from a secondary memory item. We returned to the array-based
search task of Experiments 1 and 2 but with oculomotor capture as
the primary dependent measure. Specifically, the basic method of
Experiment 4 was the same as Experiment 1, except that the
internal target feature (oriented bar) was made smaller to require
target fixation before response, and eye movements were moni-
tored to observe the probability of fixating the critical distractor in
the three singleton-match conditions (No-singleton, Mismatch, and
Match). A robust effect of match condition on oculomotor capture
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Figure 5. Results of Experiment 3. A: Overall probability of fixating the critical distractor as a function of
match condition. B: Probability of fixating the critical distractor for each ordinal fixation during search (fixation
1 is the first participant-controlled fixation after the first saccade on the scene). C: Cumulative probability of
fixating the target object for each ordinal fixation as a function of match condition. Error bars are condition-
specific, within-subject 95% confidence intervals (Morey, 2008).
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would provide converging evidence in favor of the MIT and would
confirm the utility of oculomotor measures in this type of para-
digm (see also Bahle et al., 2017; Le Pelley, Pearson, Griffiths, &
Beesley, 2015; Soto, Humphreys, & Heinke, 2006; Theeuwes,
Kramer, Hahn, & Irwin, 1998; Theeuwes, Kramer, Hahn, Irwin, &
Zelinsky, 1999).

Method

Participants. We used a sample size of 12 (six female), with
the expectation that we would observe an effect on oculomotor
capture similar to that observed in Experiment 3. Each participant
was between the ages of 18 and 30 and reported normal or
corrected to normal vision (we excluded participants who needed
contact lenses to achieve normal vision).

Stimuli, apparatus, and procedure. The stimuli were the
same as in Experiment 1, with the following exceptions. The internal
target feature (oriented bar) was made substantially smaller, subten-
ding 0.18° � 0.03°, so that discrimination required fixation of the
target shape. In addition, the size of the fixation cross was reduced to
0.38° � 0.38° to promote precise fixation at the screen center before
search onset. Finally, the color disks for the memory task were made
slightly larger, 1.38° � 1.38°. The apparatus was the same as in
Experiment 3. The procedure was the same as in Experiment 1A, with
two exceptions. First, there was no articulatory suppression compo-
nent, as this would have interfered with accurate eye tracking. Second,
each trial was initiated by the experimenter (rather than the partici-
pant). The experimenter waited until the participant fixated the screen
center and then pressed a silent button to initiate the trial. There was
a delay of 500 ms before the events depicted in Figure 1. The
eyetracker was calibrated at the beginning of the session and was
recalibrated as necessary throughout the experiment.

Results

We first report the eye movement results using the same ana-
lytical method as employed in Experiment 3. Then we report
standard search results (manual RT, accuracy) using the same
analytical method as in Experiments 1 and 2 (to allow direct
comparison with the results of previous experiments).

Eyetracking data were analyzed with respect to two regions of
interest: the target region and the critical distractor region. Both
regions were circular, with a diameter of 2.76°. In the Match and
Mismatch conditions, the critical distractor region corresponded to
the color singleton. In the No-singleton condition, the “critical”
distractor was selected randomly from the set of 7 distractors.
Trials were eliminated from further analysis if the very first
fixation on the array fell in one of the two regions of interest
(rather than at the center of the screen), if the target object was not
fixated during search, if the search response was incorrect, or if the
search time on a trial (elapsed time until target fixation) was more
than 2.5 SD from the participant’s condition mean. A total of
21.8% of trials was eliminated. Trial elimination did not alter the
pattern of results.

Distractor fixation. Consistent with Experiment 3, mean fix-
ation probability was reliably higher in the Match condition (.312)
than in the Mismatch condition (.153), t(11) � 9.76, p � .001,
�p

2 � .897, indicating capture by an item matching the secondary
VWM value (see Figure 6A). Distractor fixation probability was
not reliably different in the Mismatch condition compared with the
No-singleton condition (.134), t(11) � 1.10, p � .293, �p

2 � .100.
To examine the evolution of this effect across the course of

search, we calculated the probability of fixating the critical dis-
tractor at each ordinal fixation number (Figure 6B). Fixation 1 was
defined as the first participant-controlled fixation (after the first
saccade following array onset). We included an ordinal fixation
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Figure 6. Results of Experiment 4. A: Overall probability of fixating the critical distractor as a function of
match condition. B: Probability of fixating the critical distractor for each ordinal fixation during search (fixation
1 is the first participant-controlled fixation after the first saccade on the scene). C: Cumulative probability of
fixating the target object for each ordinal fixation as a function of match condition. Error bars are condition-
specific, within-subject 95% confidence intervals (Morey, 2008).
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bin in the Figure 6 only if a participant contributed at least 20 trials
to the bin and if 9 of the 12 participants’ data were available. As
is evident from the figure, the effect of memory match was
observed from the very first subject-controlled fixation.

Target fixation. Figure 6C shows the cumulative probability
of having fixated the target by each ordinal fixation. Overall, gaze
was directed less efficiently to the target in the Match condition
compared with the Mismatch condition, consistent with the ocul-
omotor capture results. An analysis of the mean number of fixa-
tions until the first fixation on the target revealed a reliable effect
of match condition [Match � 2.99; Mismatch � 2.72; t(11) �
3.05, p � .011, �p

2 � .457], and there was a reliable effect of match
condition on the elapsed time until the first fixation on the target
[Match � 604 ms; Mismatch � 547ms; t(11) � 2.87, p � .015,
�p

2 � .427]. We also compared target fixation measures in the
Mismatch and No-singleton conditions. There was no reliable
differences on the elapsed number of fixations measure [No-
singleton � 2.61; t(11) � 1.53, p � .154, �p

2 � .175] or on the
elapsed time to target fixation measure [No-singleton � 522 ms;
t(11) � 1.39, p � .193, �p

2 � .149]. Note that the sample size in
Experiment 4 was chosen to have sufficient power to detect a
match effect on the probability of oculomotor capture and may not
have had sufficient power to detect effects on more variable,
end-of-trial dependent measures, such as elapsed time to target
fixation. This applies as well to the manual RT analysis, reported
subsequently.

Search accuracy. Search accuracy data are reported in Table
2. Overall search accuracy was 95.8% correct, and there was no
effect of singleton-match condition (No-singleton, Mismatch,
Match), F(2, 22) � 0.255, p � .778, �p

2 � .023.
Manual RT. RT data are reported in Figure 2 and Table 2.

The analysis was limited to correct search trials, and trials with
RTs more than 2.5 SD from the participants’ mean in each con-
dition were removed (2.7% of the correct search trials).9 There was
a trend toward a difference between mean RT in the No-singleton
(1157 ms) and Mismatch (1207 ms) conditions, t(11) � 1.87, p �
.089, �p

2 � .240. Mean RT was reliably higher in the Match
condition (1258 ms) than in the Mismatch condition, t(11) � 2.57,
p � .026, �p

2 � .376, again indicating memory-based capture of
attention by the secondary color maintained in VWM. Thus, robust
oculomotor capture translated into differences in end-of-trial
search measures, in contrast with Experiment 3. This may simply
derive from the larger number of observations per cell in Experi-
ment 4 and from greater similarity in the search stimulus from trial
to trial, reducing variability in overall search time. Note, however,
that in the scene-based search experiment in Bahle et al. (2017),
we did observe an effect of memory match on end-of-trial mea-
sures, in addition to the oculomotor capture effect. Thus, the
absence of end-of-trial effects in Experiment 3 may have been
anomalous. Nevertheless, the experiments converge on the con-
clusion that oculomotor capture is substantially more sensitive to
secondary item guidance than is end-of-trial RT.

We also examined the RT data in the Match condition as a
function of whether the match was exact or inexact. There was no
reliable difference between these subconditions, t(11) � 0.504,
p � .624, �p

2 � .023, with mean RT of 1264 ms in the Exact Match
condition and 1250 ms in the Inexact Match condition.

Memory accuracy. Mean percent correct on the memory task
was 83.6% (see Table 2). There was no effect of singleton-match

condition, F(2, 22) � 2.27, p � .127, �p
2 � .171. In addition, there

was no reliable difference in memory accuracy on Exact Match
(84.2%) and Inexact Match (80.0%) trials, t(11) � 1.52, p � .157,
�p

2 � .174.

Discussion

Using the array-based search method of Experiments 1 and 2,
we found robust oculomotor capture by a distractor matching a
secondary color in VWM, replicating the oculomotor capture
results observed in search through natural scenes (Experiment 3).
In addition, there was a reliable effect of match condition on
end-of-trial measures of search (elapsed time to target fixation and
manual RT), with the RT effects replicating Experiments 1 and 2.
Thus, the results provide strong converging support for the MIT.
Moreover, they make a substantial methodological contribution:
The effect size for oculomotor capture was far larger than that for
end-of-trial measures, confirming the efficacy of eyetracking to
assess memory-based capture.

General Discussion

The present study provides substantial support for the hypoth-
esis that multiple items in VWM can be maintained in a state that
guides perceptual selection. We tested whether a secondary item in
VWM captures attention in a search task where the target changes
on each trial. The MIT (Beck et al., 2012) holds that both the target
and the secondary item have the capability to guide attention.
However, under the SIT (Olivers et al., 2011), the target should
occupy the single template slot, leaving the secondary item in an
inert, accessory state. Our method drew from previous experiments
that have found either null or ambiguous secondary-item capture
effects in this type of paradigm (Downing & Dodds, 2004; Hout-
kamp & Roelfsema, 2006; Olivers, 2009, Experiment 5), but we
modified these designs to optimize capture sensitivity. Capture by
the secondary memory item was observed in five experiments,
across multiple types of search task, multiple feature dimensions
for the memory task, multiple feature dimensions for the search
task, and multiple dependent measures.

Furthermore, several recent studies provide converging evi-
dence in support of the MIT. In the study most similar to the
present method, Hollingworth and Beck (2016) used an array-
based search task in which the target remained the same across
trials. The number of colors retained in VWM was manipulated, as
well as the number of VWM-matching distractors in the display.
Reliable capture was observed when more than one color was
maintained in VWM (Chen & Du, 2017; cf. van Moorselaar et al.,
2014). The critical results came from a comparison of two condi-
tions: (a) participants remembered one color, and there was one
matching distractor in the array (1Mem/1Match); and (b) partici-
pants remembered two colors, and there were two matching dis-
tractors in the array (2Mem/2Match). Under the SIT, the latter
condition should not generate a larger capture effect than the
former, because only one of the two VWM items should be
maintained in the template state (and thus there should be only

9 An analysis over manual RT that was limited to the trials used for the
eyetracking analysis produced the same pattern of results and the same
pattern of statistical significance.
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one functional distractor match in the array). Yet, capture
magnitude was reliably larger in the 2Mem/2Match condition
than in the 1Mem/1Match condition, indicating that both mem-
ory items were maintained in a state that interacted with selec-
tion, producing capture. This effect was replicated recently by
Chen and Du (2017).

Additional converging evidence comes from a gaze-correction
study examining the influence of a secondary VWM item on
feature-based guidance following a saccade (Hollingworth &
Luck, 2009). In the primary task, participants executed a saccade
to a target disk (cued by abrupt expansion and contraction) in a
circular array of colored disks. On a subset of trials, the array was
rotated during the saccade to the target by one half of the angular
difference between array items, causing the eyes to land between
the target and a differently colored distractor. Because the array
was spatially regular and the rotation itself was masked by sacca-
dic suppression, gaze correction required the maintenance of the
target color in VWM across the saccade and feature based-
guidance of attention to support an accurate corrective saccade
(Hollingworth, Richard, & Luck, 2008). With the saccade target
representation occupying the putative “template” role in VWM,
the critical data came from the manipulation of a secondary VWM
color maintained for a concurrent memory task (similar to the
present manipulation). Gaze correction to the target was substan-
tially impaired when the color of the adjacent distractor object
changed during the saccade to match the color of the secondary
VWM item. That is, with a distractor memory match, a substantial
proportion of corrective saccades were directed to the distractor
rather than to the target (i.e., oculomotor capture), and the mean
latency of corrective saccades to the target increased, further
suggesting competition from the distractor. These effects indicate
that both items in VWM interacted with perceptual selection,
consistent with the MIT.

All of the studies discussed so far have probed the key archi-
tectural question—whether multiple VWM representations can
influence attentional guidance simultaneously—using paradigms
designed to detect the capture of attention by memory-matching
distractors. These paradigms test whether a secondary item in
VWM automatically biases selection, which is a particularly
strong test. They do not necessarily probe whether it is possible to
strategically guide attention using multiple VWM items. Studies
examining strategic guidance have also supported the MIT. In
Beck et al. (2012), participants were asked to attend selectively to
items drawn in two different colors within search arrays composed
of four colors. They were also instructed, in different blocks, to
implement feature-based selection either sequentially (e.g., first
the red items and then the blue items) or simultaneously. In the
sequential condition, participants fixated relatively long sequences
of items in a particular color, and when they switched colors, there
was a saccade latency switch cost, potentially indicating template
reconfiguration. However, in the simultaneous condition, partici-
pants switched between the two relevant colors more frequently,
and there was no switch cost, consistent with the use of a multiple-
item template.10 Similar evidence of minimal switch costs have
been reported by Grubert, Carlisle, and Eimer (2016) and by
Johannesson, Thornton, Smith, Chetverikov, and Kristjánsson
(2016).

Beck and Hollingworth (2017) extended this line of work to test
a different prediction of the MIT: if participants must select

between two saccade targets, both of which match a template
value, the two objects should generate substantial competition for
selection, as both match an active VWM representation. Partici-
pants saw two pairs of stimuli sequentially and, for each pair, made
a saccade to the item that matched one of the two target colors on
a particular trial (e.g., red and blue). In the first pair, a target color
(red) appeared with a distractor color (green). Correct oculomotor
selection of the red item then led to the presentation of the second
pair, which could contain the same target color (red) along with a
new distractor color (same condition), the second target color
(blue) along with a new distractor color (switch condition), or both
target colors (red and blue) presented together (both condition).
First, selection accuracy for the second pair on same and switch
trials was relatively high (
70% correct) and did not differ be-
tween conditions. Saccade latency also did not differ between
these conditions: that is, there was no switch cost, replicating Beck
et al. (2012). Critically, in the both condition, selection probability
for the second cued color (blue) was approximately equivalent
with selection probability for the first cued color (red). That is, the
two cue-matching colors were approximately equal candidates for
selection, even though the first cued color had guided selection in
the first pair and, under the SIT, should have occupied the sole
template slot, leading to its efficient selection when paired with the
second cued color.

A final line of evidence comes from studies examining the
detection of multiple targets in rapid serial visual presentation
(RSVP) streams. Houtkamp and Roelfsema (2009) asked partici-
pants to detect targets (common objects and colors) in RSVP
streams, manipulating whether there were two potential targets or
only one. Detection accuracy dropped significantly from the 1-target
to the 2-target condition in a manner suggesting that participants
maintained only a single target representation. However, this ap-
proach concerns the comparison of VWM representations to per-
ceptual inputs rather than the guidance of attention by VWM.
Guidance entails only that perceptual competition is biased by the
current state of VWM; it does not entail explicit recognition of
particular objects, as in the Houtkamp and Roelfsema task. In an
RSVP study that specifically probed attentional guidance, Roper
and Vecera (2012, Experiment 3) had participants search for two
possible color targets (the target colors changed on a trial-by-trial
basis) in an RSVP stream. Before the appearance of the target in
the stream, a flanking display was presented that could contain a
colored flanker. Capture of attention by the colored flanker should
impair detection of the closely following target (Folk, Leber, &
Egeth, 2002). The colored distractor either matched one of the two
target colors or a nontarget color. Roper and Vecera observed
substantial capture by either of the two target colors, relative to the
non-target-color control. Although these results are consistent with

10 In a very recent study, Ort, Fahrenfort, and Olivers (2017) found
switch costs when only one memory matching alternative was available in
the current search array, potentially consistent with template reconfigura-
tion. However, Beck and Hollingworth (2017) found no such effect in a
similar design. One major difference between these studies is that Ort et al.
had participants search for the same pair of colors over a sequence of 40
searches, and thus their method may not have probed control by VWM,
because target repetition leads to a transfer of control from VWM to LTM
(Carlisle et al., 2011). In addition, their effects are potentially consistent
with a MIT model in which the two representations control attention
simultaneously but are maintained at different levels of priority.
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the guidance of attention by multiple template items in VWM,
unambiguous support for the MIT would require further evidence
that participants searched for the two colors simultaneously and
did not switch between single-item target representations.

In sum, the results from studies probing the strategic guidance of
attention indicate that participants can maintain multiple items in
VWM that bias selection simultaneously. The results from the
present study indicate that secondary items in VWM have the
capability to interact automatically with selection, producing cap-
ture. These latter data are critical to the larger theoretical debate,
because empirical support for the SIT has typically come from
studies probing attention capture.

Although there is now strong evidence to support the MIT,
several caveats are in order. First, we do not claim that all items
maintained in VWM are necessarily equivalent with respect to
attentional guidance. The capture effects observed here were quite
small relative to the guidance of attention to the target object.
Thus, it is clearly possible to prioritize certain VWM representa-
tions for strategic guidance. Moreover, such prioritization can
generate circumstances in which the interaction between a depri-
oritized item and selection can no longer be observed. Holling-
worth and Hwang (2013) had participants remember two colors. A
postcue indicated which color that was likely to be tested. Subse-
quently, during the retention interval, the prioritized or depriori-
tized color could appear as a distractor during a search task.
Deprioritized colors produced no observable attentional capture,
even on trials when a continuous report procedure indicated that
the deprioritized color had been remembered accurately (see also
van Moorselaar et al., 2014). Thus, we do not challenge the core
assumption of the SIT that visual information can be retained over
brief periods of time in states that do and do not interact with
attentional selection. Our specific claim is that the active state,
which interacts with selection, can span multiple items.

Interestingly, a similar debate has emerged from the general
literature concerning guidance of attention during visual search.
One of the central assumptions of Wolfe’s guided search model
(Wolfe, 2007) was that attention can be guided by only one feature
from a particular dimension at a time. However, a series of
experiments has indicated that participants can implement simul-
taneous guidance from multiple features on a dimension (Grubert
& Eimer, 2015, 2016; Irons, Folk, & Remington, 2012; Stroud,
Menneer, Cave, & Donnelly, 2012). The key difference between
these studies and present literature on VWM guidance is that in the
former, the target values were static across the entire experiment or
for large blocks of the experiment and were likely to have reflected
guidance from a LTM template rather than a VWM template
(Carlisle et al., 2011). Thus, VWM and LTM templates appear to
share a common principle of multiple-item guidance.11

Our results also may have implications for general theories of
working memory. One of the key differences between competing
theories is whether the active component, or “focus of attention,”
is limited to a single representation (McElree, 2006; Oberauer,
2002) or can contain multiple representations (Cowan, 2001).
These theories were developed primarily in the domain of verbal
working memory, and we can draw conclusions only about VWM
from the present experiments. Nevertheless, in the domain of
VWM, there appears to be no hard, single-item limit on the
number of items maintained in an active state, where “active”
refers to the ability to interact with sensory processing to guide

attention and gaze. This is consistent with recent evidence that
multiple remembered feature values can be decoded simultane-
ously from sustained activation in visual cortex (Emrich et al.,
2013). Of course, there may be other visual processes utilizing
VWM in which a single-item limit is operational (possibilities
include perceptual comparison, long-term memory encoding, and
so on), so we cannot conclude from these data that all operations
involving VWM can involve multiple, simultaneously active rep-
resentations. With respect to guidance, single-item, discrete selec-
tion is ultimately instantiated by the oculomotor system via fixa-
tion; only one object can be fixated at a time. This enables
item-level specificity in the mapping of visual objects to internal
operations, such as specification of the target of a grasping behav-
ior (see Ballard, Hayhoe, Pook, & Rao, 1997). However, the
VWM system that guides selection has the capability to do so
based on multiple representations.

Unlike previous experiments (Downing & Dodds, 2004; Hout-
kamp & Roelfsema, 2006; Olivers, 2009, Experiment 5), we
consistently found capture from a secondary item maintained in
VWM. What might explain the difference? We implemented al-
most all the major design features used by at least one of these
previous studies. The only remaining, consistent difference was
that our memory and search dimensions were always different
(e.g., color memory and shape-based search), whereas the memory
and search dimensions were always the same in previous studies
(see Table 1). However, this potential explanation is unlikely,
because in Hollingworth and Beck (2016) and Hollingworth and
Luck (2009) we found reliable capture from multiple VWM items
on the same dimension (color); the capture effect does not appear
to be limited to the case when the two items in VWM come from
different feature dimensions. Thus, we cannot identify any single
cause for the difference between our effects and those of previous
studies. Note, however, that the effect size for RT differences in
the array-based capture experiments (Experiments 1 and 2) was
only in the medium range. Given the relatively small sample sizes
in previous experiments, it is plausible that they were simply
underpowered, especially given that the most comprehensive study
(Houtkamp & Roelfsema, 2006) used very small sample sizes and
found a mixture of reliable, trend-level, and null capture effects.

In comparison with the end-of-trial RT effects, oculomotor
capture during search through real-world scenes (Experiment 3,
�p

2 � .643) and abstract arrays (Experiment 4, �p
2 � .897) produced

far larger effects. With eye tracking, a capture event can be
observed to occur or not occur on each trial, whereas variability in
end-of-trial measures, such as RT, does not allow such direct
correspondence; RTs can be influenced by many factors in addi-
tion to the factor(s) of interest. Moreover, eyetracking allows the
researcher to estimate directly the proportion of trials on which
capture occurred, which is not possible from aggregate RTs. With
these advantages of sensitivity, precision, and transparency, the
field might consider moving away from end-of-trial RT measures
and toward oculomotor measures (see related discussions in Beck
et al., 2017; Zelinsky, Rao, Hayhoe, & Ballard, 1997). In this

11 VWM and LTM templates can differ functionally in other respects,
however, such as whether each type of template supports feature-based
avoidance (Beck, Luck, & Hollingworth, 2017; Gaspelin, Leonard, &
Luck, 2015; Moher, Lakshmanan, Egeth, & Ewen, 2014).
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particular domain, our work suggests that the most sensitive and
flexible paradigm is the oculomotor capture method implemented
in Experiment 4, producing robust effects of memory-based cap-
ture while retaining tight control over stimulus and task parame-
ters.

Finally, Experiment 3 informs understanding of the generality of
VWM-based attentional guidance and capture (Olivers et al., 2006;
Soto et al., 2005). Previously, this area has been studied almost
exclusively using simple search stimuli (geometric shapes, colors)
presented using either fixed locations or randomly arranged arrays.
Experiment 3 indicates that these effects generalize to more com-
plex, real-world stimuli and to a more naturalistic search task.
Consequently, theoretical accounts that have been developed to ex-
plain attentional guidance using highly controlled stimuli (Bundesen,
1990; Desimone & Duncan, 1995; Duncan & Humphreys, 1989;
Hamker, 2004; Schneegans et al., 2014; Wolfe, 1994) may also be
likely to generalize to more naturalistic contexts (see also Bahle et al.,
2017). Moreover, it may be fruitful to consider the role of VWM
content in attentional guidance (both target related VWM content and
incidental content) when conducting research in complex, applied
domains, such as baggage screening, driving, and interface design,
and in clinical manifestations of attention bias.
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