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Abstract
Visual working memory (VWM) has been implicated both in the online representation of object tokens (in the object-file
framework) and in the top-down guidance of attention during visual search, implementing a feature template. It is well
established that object representations in VWM are structured by location, with access to the content of VWM modulated by
position consistency. In the present study, we examined whether this property generalizes to the guidance of attention.
Specifically, in two experiments, we probed whether the guidance of spatial attention from features in VWM is modulated by
the position of the object from which these features were encoded. Participants remembered an object with an incidental color.
Items in a subsequent search array could match either the color of the remembered object, the location, or both. Robust benefits of
color match (when the matching item was the target) and costs (when the matching items was a distractor) were observed.
Critically, the magnitude of neither effect was influenced by spatial correspondence. The results demonstrate that features in
VWM influence attentional priority maps in a manner that does not necessarily inherit the spatial structure of the object
representations in which those features are maintained.
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Two of Anne Treisman’s fundamental contributions to cogni-
tive science concernedmechanisms of feature-based attention-
al priority in visual search (e.g., Treisman & Gelade, 1980;
Treisman & Gormican, 1988) and mechanisms for the repre-
sentation of individual object tokens (e.g., Kahneman,
Treisman, &Gibbs, 1992). The work on feature-based priority
helped generate an entire subfield of research devoted to vi-
sual search, both as a tool for understanding basic properties
of visual perception and as a core behavioral ability to be
understood in its own right (how humans efficiently find and
identify task-relevant objects in complex scenes). In the
course of this development, the construct of strategic,
feature-based guidance has taken a central role in almost all
theories of visual search as a means for exerting control
(Bundesen, Habekost, & Kyllingsbaek, 2005; Desimone &
Duncan, 1995; Duncan & Humphreys, 1989; Ehinger,
Hidalgo-Sotelo, Torralba, & Oliva, 2009; Hamker, 2005;

Navalpakkam & Itti, 2005; Wolfe, 1994; Zelinsky, 2008).
And in many of these, feature-based guidance is implemented
as an active representation of task-relevant features, main-
tained in visual working memory (VWM).1 Indeed, there ap-
pears to be strong overlap between information maintained in
VWM and the guidance of attention in visual search (Bahle,
Beck, & Hollingworth, 2018; Hollingworth & Luck, 2009;
Olivers, Meijer, & Theeuwes, 2006; Soto, Heinke,
Humphreys, & Blanco, 2005; Woodman, Carlisle, &
Reinhart, 2013).

VWM is also a plausible substrate of the object token rep-
resentations at the heart of Treisman and colleagues’ object-
file framework (Kahneman et al., 1992; Treisman, 1992).
Although there was only limited discussion of the representa-
tional substrate of object files in these papers, the properties
ascribed to object files correspond closely to those of VWM:
an online representation of a subset of visible objects that can

1 Search templates (broadly construed as the information used to guide visual
search strategically) draw from multiple sources and from multiple memory
systems (Anderson, Laurent, & Yantis, 2011; Carlisle, Arita, Pardo, &
Woodman, 2011; Chun & Jiang, 1999; Torralba, Oliva, Castelhano, &
Henderson, 2006; Wolfe, 2012). Here, we focus on feature-based guidance
from VWM.
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bridge disruptions such as brief occlusion and saccades. A
strongly overlapping relationship between VWM and the
object-file construct was confirmed most directly in
Hollingworth and Rasmussen (2010), who combined key as-
pects of the original Kahneman et al. (1992) object reviewing
paradigm and VWMparadigms (as illustrated in Fig. 1). In the
object-file framework, object tokens are addressed by their
location: objecthood is defined by unique location, and the
contents of the file (visual features, identity, etc.) are bound
within the same object representation by virtue of being asso-
ciated with the same spatial index. Retrieval of the remem-
bered features is proposed to require selection of the spatial
index to which they were bound. In Hollingworth and
Rasmussen, retrieval of remembered features from VWM
was strongly modulated by object position: The detection of
changes to colored objects was impaired if the position of the
test features did not correspond to either the original positions
or the expected positions (given intervening motion) of the
encoded objects. Similar findings have been observed across
a range of remembered feature dimensions and set sizes

(Hollingworth, 2007; Hollingworth & Rasmussen, 2010;
Jiang, Olson, & Chun, 2000; Olson & Marshuetz, 2005;
Wang, Cao, Theeuwes, Olivers, & Wang, 2016). Thus, al-
though it would be too strong to claim that object representa-
tions are defined solely by location (Hollingworth &
Franconeri, 2009; Moore, Stephens, & Hein, 2010; Richard,
Luck, & Hollingworth, 2008), there is broad evidence that
access to the content of VWM ismodulated by position, draw-
ing a close link between VWM and the object-file framework.

If VWM is involved both in the maintenance of online
object representations and in the feature-based guidance of
attention, to what extent is position modulation observed in
access to objects reflected in the application of object features
to guide search? Research on feature-based attention has typ-
ically concluded that feature biases are applied in a spatially
homogeneous manner across the entire visual field (Liu &
Mance, 2011; Martinez-Trujillo & Treue, 2004; Serences &
Boynton, 2007; Treue & Martinez Trujillo, 1999; Zhang &
Luck, 2009), through the modulation of competition between
subpopulations of neurons coding different feature values,
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Fig. 1 Representative method and results from Hollingworth and
Rasmussen (2010, Experiment 1). Participants remembered a set of colors
across an intervening motion display. In the test array (all colors same or
one changed), the locations of the test colors either corresponded to the

expected location given motion (updated), to the original location, or to
neither (no correspondence). There was a reliable decrement in memory
accuracy in the no correspondence condition and a complementary in-
crease in decision time (not depicted). (Color figure online)



independently of location. Although this work provides a
clear theoretical alternative, the empirical evidence does
not address the present question directly, since the spatial
manipulations in this literature have tended to be relatively
gross (typically, hemifield), the cued features were fixed
over long periods of time (likely engaging long-term
mechanisms of attentional bias rather than VWM;
Carlisle et al., 2011), and the cued features were not asso-
ciated with discrete objects. In contrast with the standard
literature on feature-based attention, Leonard, Balestreri,
and Luck (2014) recently observed that capture by a
distractor that matched a target-defining color was strongly
graded as a function of distance from task-relevant stimuli,
indicating interaction between the current locus of spatial
attention and the spatial distribution of feature-based guid-
ance. Leonard et al. used the same target feature across the
entire experiment and did not associate feature cues with
discrete objects. However, in the present context, it is plau-
sible that VWM for an object will lead to preferential allo-
cation of spatial attention to the encoded location, produc-
ing graded feature-based guidance that is most pronounced
at that location. That is, both guidance from and access to
features in VWM may be modulated by position, because
spatial attention is associated with both the maintenance
and retrieval of VWM representations. However, it should
be noted that substantial evidence indicates that VWM
maintenance can be dissociated from the locus of spatial
attention (Gajewski & Brockmole, 2006; Hakim, Adam,
Gunseli, Awh, & Vogel, 2019; Johnson, Hollingworth, &
Luck, 2008; Maxcey-Richard & Hollingworth, 2013).

One study has addressed the present research question
directly, albeit in a limited fashion. van Moorselaar,
Theeuwes, and Olivers (2014) had participants remember
a different set of colors on each trial, engaging VWM. In
an intervening search task, a matching color-singleton
distractor was presented either in the remembered location
or in a different location. The magnitude of attention cap-
ture was not influenced by this manipulation. The result
hints at a potentially important architectural distinction be-
tween access to the features of objects in VWM compared
with the effects of these features on attentional guidance.
However, van Moorselaar et al. only probed attention cap-
ture (there was no test of strategic processes), position
modulation was a secondary aspect of their design, and
they were only able to use ~25% of their trials to address
it, raising the possibility that they simply had insufficient
power to detect an effect of position match. Moreover, on
the trials that were available for analysis, the singleton
distractor was three times more likely to appear at the re-
membered location than at any other possible location, po-
tentially generating a general bias to avoid attending to the
remembered location (Wang & Theeuwes, 2018), which
could have limited sensitivity to position-match effects.

In the present study, we examined systematically whether
the guidance of spatial attention from features in VWM is
applied homogeneously or whether it is modulated by the
position of the object from which the feature was encoded.
We developed a search task probing position specificity in
both the benefits of guidance (when the target shared the re-
membered feature) and the costs of guidance (when a
distractor shared the remembered feature). In addition, we
tested this question in the context of incidental (Experiment
1) and strategic (Experiment 2) guidance.

Experiment 1

In Experiment 1, we examined the incidental guidance of
attention from the content of VWM, asking whether this
guidance is modulated by the position of the remembered
stimulus. The basic paradigm is illustrated in Fig. 2.
Participants first saw an array of three squares. Two were
black, and one had a color determined randomly on each
trial. They remembered the size of the colored item for a
memory test at the end of the trial; thus, color was an
incidental property of the remembered object. During the
retention interval, participants searched a three-item array
for an object that had a small internal target feature. One
item in the search array could match the color of the
relevant memory square (color match). In addition, this
item was either the target or a distractor. Moreover, the
matching-color item could either appear at the same loca-
tion as the relevant item from the memory display (posi-
tion match) or at a different location (position mismatch).
Search RT in these conditions was compared with a con-
trol condition in which none of the items matched the
color of the remembered object (color mismatch). Note
that the color and location of the remembered object were
uncorrelated with the color and location of the search
target (see Fig. 2). In addition, the color and location of
the remembered object were uncorrelated with the colors
and locations of the distractors.

We assessed the benefits and costs associated with the pres-
ence of a color-matching item and, critically, probed whether
these were modulated by the correspondence between the lo-
cation of the matching item and the location of the remem-
bered object. If position specificity observed for access to the
features of remembered objects (Hollingworth & Rasmussen,
2010; Kahneman et al., 1992) is reflected in the mechanisms
by which these features interact with search priority, then both
the benefits and costs of color match should be larger in the
position-match condition than in the position-mismatch con-
dition. However, if the features in VWM interact with priority
in the spatially homogeneous manner suggested by the
feature-based attention literature, there should be minimal or
no modulation of the color-match effect by position.
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Method

Participants Thirty-two participants completed Experiment 1.
Each was recruited from the University of Iowa community,
was between the ages of 18 and 30 years, reported normal or
corrected-to-normal vision, completed the experiment for
course credit, and was naïve with respect to the hypotheses
under investigation. Two participants were replaced because
mean search accuracy fell below an a priori criterion of 85%

correct (49.7% and 80.3%). Of the final 32 participants, 21
were female.

Stimuli The trial events are displayed in Fig. 2a. The back-
ground was gray with a central black fixation cross (.65° ×
.65°). The memory array contained one colored square (red,
green, blue, or yellow, randomly selected on each trial) and
two black squares. The black squares subtended 1.63°. The
colored square subtended a randomly selected value between
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Fig. 2 a Sequence of events in a sample trial of Experiment 1.
Participants first saw a memory array with one colored item that was
not black (memory item). Next, they searched for a target disc and
reported a small internal feature. Finally, they completed a two-
alternative forced-choice test probing memory for the size of the memory
item. b Target feature within a search disk. In the central, square region of
the disk, the target had a Bbump^ on the left or right (pictured). Distractors
has a Bbump^ on the top or bottom. c Experimental design and key
results. The seven conditions are illustrated, implementing manipulations
of (1) the correspondence between the color of the memory item and the

colors of the search disks, and (2) the correspondence between the loca-
tion of the memory item and the locations of the search disks. The sample
search arrays show configurations relative to the memory array in a. BT^
denotes the target, and BD^ a distractor. For each of the seven conditions,
we report mean search RT (error bars are within subject, condition-
specific 95% confidence intervals; Morey, 2008), mean search accuracy
(Search Acc), and mean memory test accuracy (Memory Acc). For the
latter two reports, standard errors of the means are in parentheses. (Color
figure online)



1.30° and 2.11°, in increments of 0.02°. The three squares
were presented at the vertices of a virtual equilateral triangle,
each at an eccentricity of 3.25° (measured to the object cen-
ter). The position of the colored item was randomly selected.
To vary the absolute locations from trial to trial, the triangular
configuration was offset on each trial by a random angular
value between 0° and 119°.

The search array consisted of three colored disks (1.63°
diameter), presented at the same three locations used for the
memory array. Each disk had a central gray Bhole^ (.24°) and
a square Bbump^ (.08°) that protruded from one of the four
edges defining the Bhole^ (see Fig. 2b). Two of the disks
(distractors) had the bump on the top or bottom (randomly
selected), and one (target) had the bump on the left or right
(randomly selected). When there was a memory-matching col-
or in the array, the two other colors were selected randomly
without replacement from the remaining three colors. When
there were no memory-matching colors, each disk was one of
the three remaining colors. Note that, unlike the color-singleton
method of van Moorselaar et al. (2014), the critical matching
object in the present search arrays was not physically salient.

The memory test display consisted of two squares drawn in
the original memory color, presented to the left and right of
central fixation (3.25° eccentricity). One square was the same
size as the original memory square (correct alternative), and
the other (the foil) was either .33° larger or smaller than the
memory square, randomly selected. The locations of the two
alternatives were also selected randomly.

Apparatus Stimuli were presented on a 100-Hz LCD monitor
at a viewing distance of 70 cm. Responses were collected with
a USB game controller. The experiment was controlled by E-
Prime software (Schneider, Eschmann, & Zuccolotto, 2002).

Procedure Participants pressed a pacing button to begin each
trial. There was a 300-ms delay, followed by the memory
display for 300 ms, a 1,000-ms delay (fixation cross only),
the search display until response, a 500-ms delay, and finally
the memory test display until response. Participants were
instructed to maintain central fixation until the search array
appeared. The experimenter monitored eye position via a large
video image of the right eye and recorded trials on which
participants made an eye movement, providing feedback each
time. Central fixation ensured that search was not contaminat-
ed by differences in fixation position at search onset (as might
occur if participants fixated the memory square and main-
tained fixation at that location). For half of the participants,
the central fixation cross was briefly changed to white for
150 ms during the 1,000-ms delay between the memory and
search displays (500 ms black fixation cross, 150 ms white,
350 ms black). This abrupt luminance change was designed to
direct covert attention back to central fixation after having
attended the location of the memory color square.

For the search task, participants were instructed to find the
Bbump^ that appeared on the left or right and press the corre-
sponding game-pad button to indicate Bbump^ position, as
quickly and as accurately as possible. Because the target fea-
ture was very small, they were also instructed that they could
move their eyes from central fixation upon appearance of the
search array. Finally, participants pressed either the left or right
button (unspeeded) to indicate the size-matching square in the
memory test display. If the participants responded incorrectly
to the search array, the trial was terminated with a red,
Bincorrect^ message displayed for 2,000 ms. Similarly, an
incorrect response to the memory test was followed by the
same error message for 400 ms.

Note that we made the critical feature of the remembered
object (color) incidental to the memory task (size discrimina-
tion). This was done to eliminate the possibility that partici-
pants would strategically attend to memory-matching items in
the search array so as to improve performance on the memory
task. The method has been used successfully in several studies
(Hollingworth & Luck, 2009; Hollingworth, Matsukura, &
Luck, 2013a, 2013b), with robust guidance of attention from
a feature of the remembered object that was irrelevant to the
memory task.

Participants first completed a practice session of 18 trials,
followed by an experimental session of 360 trials. The key
manipulations concerned (1) the presence of a color-
matching item in the array and its status as target or distractor
and (2) the correspondence between the location of the re-
membered item and the locations of the target and distractors.
The full design is illustrated in Fig. 2c, as well as the number
of trials in each condition. Trials from the various conditions
were randomly intermixed. The target was equally likely to
appear at each of the three array locations. For the memory-
match trials, the matching item was equally likely to appear at
each of the three array locations. Thus, the memory location
did not predict the location of the matching array item or the
location of the target. In addition, the target was presented in
the memory color on one third of trials, and thus the memory
color did not predict the target color.

Data analysis The two groups of participants (with and without
a fixation cross luminance change between memory and search
displays) produced functionally equivalent results—there were
no significant differences for any of the main analyses, reported
below—and were combined. Accuracy on the search task (see
Fig. 2c) was very high (M = 98.2%) and did not differ signifi-
cantly for any of the main tests. Mean accuracy on the memory
task was 76.7% and did not differ significantly for any of the
main tests (see Fig. 2c). Trials were eliminated from the search
RT analysis if a saccade was detected before the onset of the
search array, if the search response was incorrect, or if the RT
was more than 2.5 standard deviations from a participant’s con-
dition mean (a total of 5.0% of the data). RT trimming did not
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alter the pattern of results. RT analyses were not significantly
altered when limited to trials on which the memory response
was correct, so the RT results, reported below, include both
memory correct and incorrect trials.

Results

Mean manual response time (RT) results are presented in Fig.
2c. We first report the broad effects of color match (to probe
memory-based guidance), then the effects of position match
(to examine biases based on memory item position), and fi-
nally the interaction between remembered position and color
match (to determine whether color-match effects were modu-
lated by position). Note that for concision, we will refer in the
following analyses to the condition numbers listed in Fig. 2c.

Color match The data were entered in to a one-way, repeated-
measures ANOVA over the three color-match conditions (no
match, target match, distractor match), collapsing across posi-
tion match. There was a reliable effect of match to the remem-
bered color, F(2, 62) = 55.8, p < .001, ηp

2 = .643. Consistent
with a bias to attend to memory-matching items, mean RTwas
lower on target-match trials (1,063ms) than on no-match trials
(1,154ms),F(1, 31) = 36.8, p < .001, ηp

2 = .543, and mean RT
was higher on distractor-match trials (1,222 ms) than on no-
match trials, F(1, 31) = 40.6, p < .001, ηp

2 = .567.

Position match We next examined whether search was influ-
enced by the correspondence between the position of the
memory item and the position of the search target. The data
were entered into a 3 (color match: no match, target match,
distractor match) × 2 (target position: remembered location,
other location) repeated-measures ANOVA. Conditions 6 and
7 (see Fig. 2c) were collapsed for this analysis. There was a
reliable effect of position match, F(1, 31) = 6.55, p = .016, ηp

2

= .174, with lower RTwhen the target appeared in the remem-
bered position (1,119 ms) than when it appeared in a different
position (1,160 ms). A similar effect has been observed by de
Vries, van Driel, Karacaoglu, and Olivers (2018). In addition,
we examined a planned contrast between target position
match and mismatch for the trials on which no color-
matching item was present (Conditions 1 and 2), providing
the most direct test of this question. Mean RT was reliably
lower when the target appeared in the position of the remem-
bered item, F(1, 31) = 10.6, p = .003, ηp

2 = .254.

Modulation of color match by position The key question was
whether the colormatch effect wasmodulated by position. In the
first analysis, we examined if the benefit of a color-matching
search target was influenced by whether or not that item ap-
peared in the remembered location. This involved a 2 (color
match) × 2 (position match) repeated-measures ANOVA over
Conditions 1–4, testing whether the effect of color match at the

remembered location (Condition 1 vs. Condition 3 = 94 ms,
95% CI = ±45.9 ms) was larger than the effect of color match
at a different location (Condition 2 vs. Condition 4 = 90 ms,
95% CI = ±38.6 ms). The interaction did not approach reliabil-
ity, F(2, 62) = .017, p = .897, ηp

2 = .001 (upper 90% confidence
limit, ηp

2 = .041). Bayes factor was calculated based on a paired
t test over the color-match difference scores for same and
different location, using the procedure outlined in Rouder,
Speckman, Sun, Morey, and Iverson (2009) and the default
scaling factor value (.707). The Bayes factor estimate indicated
that the data were 5.28:1 in favor of the null hypothesis (i.e.,
5.28 times more likely to occur under a model that did not
include an effect of position match).

The second test examined whether the cost of a color-
matching distractor was influenced by whether that item ap-
peared in the remembered location. This involved a simple
planned contrast between Condition 7 (matching color
distractor in remembered location) and Condition 6 (matching
color distractor in a different location), controlling for the
location of the target. There was no reliable difference be-
tween these conditions, F(1, 31) = .091, p = .765, ηp

2 = .003
(upper 90% confidence limit, ηp

2 = .088). The mean differ-
ence score (same minus different location) was −6.21 ms
(95% CI = ±42.0 ms). Estimate of the Bayes factor (again
based on a paired t test) indicated that the data were 5.08 times
more likely to occur under a model that did not include an
effect of position match.

Discussion

There were two main effects. First, attention was reliably di-
rected to items matching a search-irrelevant color maintained
in VWM. Relative to a neutral condition, there were both
benefits and costs of memory match. Second, targets were
detected more rapidly when the target appeared in the same
location as the memory item had appeared, indicating that
attention during search was preferentially allocated to this lo-
cation. Critically, these two effects did not interact.
Specifically, neither the effect of a color-matching target nor
the effect of a color-matching distractor was more pronounced
at the remembered location than at other array locations. Thus,
the data support a view in which the content of VWM intro-
duces substantial control over the allocation of spatial atten-
tion and that this control is implemented homogeneously,
without respect to the location of the item held in memory.
However, the data also indicate that there was an independent
bias to attend to the remembered location.

Experiment 2

In Experiment 2, the paradigm was modified to probe the
strategic guidance of attention from VWM and its potential
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modulation by object position, as illustrated in Fig. 3. The
distractor-color-match conditions were eliminated, so that
when a color-matching object was present in the search array,
this item was always the target. Thus, participants had strong
incentive to remember the color of the square in the memory
array (which, essentially, served as a cue display) and use this
VWM representation to guide search.

A secondary goal was to probe in more depth the main
effect of position match observed in Experiment 1. This
position-match effect could be consistent with theories
positing that VWM maintenance strongly overlaps with
spatial attention (Chun, Golomb, & Turk-Browne, 2011;
Kiyonaga & Egner, 2013); the act of memory maintenance
would necessarily lead to sustained spatial attention at the

original object location, producing the effect on search.
However, an alternative view is that VWM maintenance
and spatial attention can be dissociated (Hollingworth &
Maxcey-Richard, 2013; Rerko, Souza, & Oberauer, 2014).
In this view, spatial attention was directed to the remem-
bered location because it was required for VWM encoding
(e.g., Schmidt, Vogel, Woodman, & Luck, 2002) and there
was simply no strong demand to withdraw attention from
that location prior to search. Although the fixation cross
luminance increment used for half of the subjects in
Experiment 1 was designed to redirect spatial attention
back to the fixation cross, such events can fail to influence
attention if it is already focused at a discrete location
(Yantis & Jonides, 1990).
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Fig. 3 a Sequence of events in a sample trial of Experiment 2.
Participants first saw a memory array with one uniquely colored item
Next, participant monitored for the appearance of a gap in the central
fixation cross that appeared in the top of the vertical section (response
required) or in the bottom of the vertical section (no response). Finally,
participants completed the same search task as in Experiment 1. b
Experimental design and key results. The four conditions are illustrated,
implementing manipulations of (1) the correspondence between the color
of the memory item and the color of the target disk, and (2) the corre-
spondence between the location of the memory item and the location of

the target disk. The sample search arrays show configurations relative to
the memory array in a. BT^ denotes the target, and BD^ a distractor. For
the number of trials, the main value corresponds to the number of trials
with a bottom gap in the fixation cross and the value in parentheses to the
number of trials with a top gap. Analyses were limited to the bottom-gap
trials. For each of the four conditions, we report mean search RT (error
bars are within-subject, condition-specific 95% confidence intervals;
Morey, 2008) and mean search accuracy (Search Acc). For the latter,
standard errors of the means are in parentheses. (Color figure online)



Thus, in Experiment 2, we used a method that required
participants to direct spatial attention to the fixation cross be-
tween the offset of the memory array and the onset of the
search array: A small gap appeared in either the upper or lower
section of the vertical portion of the fixation cross. Participants
either executed a response to the gap (top gap, a small propor-
tion of trials) or withheld response (bottom gap, a large pro-
portion of trials).

Method

Participants Twenty participants (11 female) completed
Experiment 2. Each was recruited from the University of
Iowa community, was between the ages of 18 and 30 years,
reported normal or corrected-to-normal vision, completed the
experiment for course credit, and was naïve with respect to the
hypotheses under investigation.

Stimuli In the memory display, the size of the colored square
was always the same as the two black squares (1.63°). The gap
in the fixation cross subtended 0.14 °. It appeared at the mid-
point of either the upper or lower half of the vertical section.

Procedure The events in a trial differed from Experiment 1 in
the following respects. During the interval between the mem-
ory and search displays, the fixation cross was presented in
isolation for 400ms, followed by the appearance of the gap for
150 ms, followed by the full fixation cross again for 1,000 ms
(see Fig. 3a). The gap could appear on the upper section of the
fixation cross (21.4%) or on the lower section (78.6% of tri-
als). Participants were instructed to press a button if the gap
was on the top and to withhold response if the gap was on the
bottom. This method allowed us asses gap discrimination ac-
curacy while limiting the search RT analysis to the large ma-
jority of trials (gap on the bottom) that did not require two
responses. If the participant’s response to the gap location was
incorrect (both errors of commission and omission), the trial
was immediately terminated with the message BError—Press
button when gap on top!^ presented in red for 5,000 ms before
the start of the next trial.

The design was limited to Conditions 1–4 (see Fig. 3b).
That is, when there was a color-matching item in the search
array, it was always the target. This provided a strong incen-
tive to attend to color-matching items in the search array, and
participants were explicitly instructed to remember the color
as a cue for the search task. (Note that the position of the
memory color remained unpredictive of the target position.)
Given that the memory color was relevant to the search task,
we eliminated the memory test at the end of the trial.
Participants first completed a practice session of 12 trials in
which they performed only the search task, with no gap dis-
crimination task. Then, they completed a second practice ses-
sion of 18 trials that included the gap discrimination task.

Finally, they completed an experimental session of 336 trials.
The distribution of trials across conditions is listed in Fig. 3b

Data analysis Accuracy on the gap discrimination task was
very high (M = 98.2%) and did not differ for trials when the
gap was on the top or bottom of the fixation cross. All further
analyses were conducted over trials on which the gap was in
the bottom position. (Analyses over all trials produced the
same pattern of results and statistical significance). Accuracy
on the search task (see Fig. 3b) was high (M = 97.8%), with no
significant main effects or interaction. Trials were eliminated
from the RTanalysis if a saccade was detected before the onset
of the search array, if the gap response was incorrect, if the
search response was incorrect, or if the RTwas more than 2.5
standard deviations from a participant’s condition mean (a
total of 5.5% of the data). RT trimming did not alter the pattern
of results.

Results

RT results are presented in Fig. 3b. The data were entered into
a 2 (color match) × 2 (position match) repeated-measures
ANOVA.

Color match There was a main effect of color match, F(1, 19)
= 35.1, p < .001, ηp

2 = .649. Mean RT was lower when the
target matched the memory color (779 ms) than when it did
not (986 ms), consistent with the guidance of attention by
VWM. Moreover, the benefit of color match was more than
twice as large as that observed in Experiment 1, indicating
strategic use of the remembered color to guide attention.

Position matchUnlike Experiment 1, there was nomain effect
of position match, F(1, 19) = .132, p = .721, ηp

2 = .007, with
mean RT of 881 ms when the target was in the same location
as the memory item and 884 ms when it was not. The Bayes
factor estimate indicated that the data were 4.06 times more
likely to occur under a model that did not include an effect of
position match. Thus, the demand to attend to the fixation
cross prior to search eliminated the main effect of position,
suggesting that the reliable effect of position match in
Experiment 1 was likely due to the incidental perseveration
of spatial attention at the memory encoding location and was
not inherent to the maintenance of the memory item in VWM
(which must have been remembered reliably, as memory
match had a large effect on search performance).2

2 It is possible that the demand to return attention to the central fixation cross
generated inhibition of return at the memory item location and that this effect
perfectly cancelled a second bias to attend to that location. Even if this were the
case, the critical point here is that the color-match effect was not modulated by
location.
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Modulation of color match by position Finally, and replicating
Experiment 1, there was no interaction between color match
and location match. The benefit of color match at the remem-
bered location (Condition 1 vs. Condition 3 = 205 ms, 95% CI
= ±95.5 ms) was no larger than the benefit of color match at a
different location (Condition 2 vs. Condition 4 = 208 ms, 95%
CI = ±56.1 ms), F(1, 19) = .010, p = .922, ηp

2 = .001 (upper
90% confidence limit, ηp

2 = .041). As in Experiment 1, Bayes
factor was calculated based on a paired t test over the color
match difference scores for same and different location. The
Bayes factor estimate indicated that the data were 4.28 times
more likely to occur under a model that did not include an
effect of position match.

Discussion

Complementing Experiment 1, the results of Experiment 2
indicate that the strategic guidance of attention on the basis
of a feature representation in VWM is also implemented in a
spatially homogeneous manner, without respect to the remem-
bered location of the object from which that guidance is de-
rived. In addition, the results of Experiment 2 indicate that the
main effect of position match in Experiment 1 was likely to be
an artifact of the allocation of attention to that location in order
to encode the memory item. When the task required that at-
tention be directed to the central fixation cross before search,
no main effect of position was observed.

General discussion

The present results are consistent with a spatially homoge-
neous application of features in VWM to the guidance of
spatial attention. This can be accommodated naturally by
models in the feature-based attention literature that posit mod-
ulation of feature-specific subpopulations of neurons in sen-
sory cortex, independently of location (e.g., Martinez-Trujillo
& Treue, 2004). The present results are also broadly consistent
with models of visual search that have built on Treisman’s
work on feature-based priority. For example, in Wolfe’s guid-
ed search model (Wolfe, 1994), top-down guidance of atten-
tion is achieved in a spatially homogeneous manner: Any
stimulus in the visual field that matches the current top-
down set of relevant visual features receives a boost in
strength in the priority map that determines attentional selec-
tion. Of course, it is possible that additional sources of guid-
ance (e.g., knowledge of relevant spatial locations) will inter-
act with the feature-based biases on the priority map, such that
the combined effect reflects graded guidance (Leonard et al.,
2014). However, the present experiments were designed to
eliminate any additional sources of guidance so as to isolate
feature-based effects. In particular, the location of the remem-
bered object was uninformative with respect to the search task.

How might a dissociation arise between spatially modulat-
ed access to the content of VWM but spatially homogeneous
feature-based guidance from VWM? Access involves
selecting the relevant object representation from among other
active object representations. Clearly, an efficient means to
this end is to select on the basis of unique location, as origi-
nally proposed by Kahneman et al. (1992). Although object
tokens can also be defined by surface properties
(Hollingworth & Franconeri, 2009; Moore et al., 2010), loca-
tion can be particularly useful in cases where stimuli have
similar surface features or where there is change in surface
properties. Moreover, associations between objects and loca-
tions are formed automatically in the course of generating
structured representations of scenes (Hollingworth, 2007;
Hollingworth&Rasmussen, 2010). Such higher level position
associations are likely supported by parietal (Hakim et al.,
2019; Vogel & Machizawa, 2004) systems—and, perhaps,
medial temporal (Rolls & Wirth, 2018) systems—providing
the spatial index to which the content of the file is bound.
Critically, and consistent with the original conceptualization
of the object-file framework, the content of the file can be
maintained in a manner that is largely separable from the rep-
resentation of the index addressing it. Specifically, the features
of objects in VWM are maintained, to a significant extent, by
the sustained activation of subpopulations of neurons in rela-
tively early visual areas (Emrich, Riggall, LaRocque, &
Postle, 2013; Harrison & Tong, 2009; Serences, Ester,
Vogel, & Awh, 2009), and this activation generalizes to
retinotopically tuned populations coding locations other than
that occupied by the encoded object (Ester, Serences, & Awh,
2009). Such spatially global activity would then implement
spatially homogeneous feature-based attention, biasing the
competition between subpopulations of neurons coding fea-
ture values in favor of remembered values (Desimone &
Duncan, 1995; Hamker, 2005; Martinez-Trujillo & Treue,
2004; Schneegans, Spencer, Schöner, Hwang, &
Hollingworth, 2014) and thus filtering sensory input to prior-
ity maps guiding attention during visual search.

Author note This research was supported by a National Institutes of
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