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Working memory-driven attention towards a distractor does not interfere with
target feature perception
Emma Wu Dowd , Samoni Nag and Julie D. Golomb

Department of Psychology, The Ohio State University, Columbus, OH, USA

ABSTRACT
The contents of working memory (WM) can influence where we attend – but can it also interfere
with what we see? Active maintenance of visual items in WM biases attention towards WM-
matching objects, and also enhances early perceptual processing of WM-matching items (e.g.,
more accurate perceptual discrimination). Here, we asked whether a WM-matching distractor
interferes with perceptual processing of a target’s features. In a dual-task paradigm, participants
maintained a shape in WM across an intervening visual search task, during which they had to
reproduce the colour of a designated target item using a continuous-report technique.
Importantly, the WM shape could match the target item, a distractor item, or no item in the
search array. When the WM shape matched a distractor, we found no evidence of systematic
perceptual interference (i.e., swapping or mixing with the distractor colour), but observed only
general disruptions in target processing (i.e., decreased target accuracy). These results suggest
that when visual attention is inadvertently drawn to a WM-matching distractor, any resultant
automatic perceptual processing may be too transient or weak to significantly interfere with
perceptual processing of the target’s features.
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Visual attention can be biased towards objects in the
environment that match the contents of working
memory (WM), even when information in WM is unre-
lated to or at the expense of current task goals (e.g.,
Downing, 2000; Olivers, Meijer, & Theeuwes, 2006;
Soto, Heinke, Humphreys, & Blanco, 2005). Such WM-
driven attentional effects have been demonstrated
in numerous studies (see Kiyonaga & Egner, 2013;
Olivers, Peters, Houtkamp, & Roelfsema, 2011; Soto,
Hodsoll, Rotshtein, & Humphreys, 2008; Woodman,
Carlisle, & Reinhart, 2013 for reviews), typically using
a dual-task paradigm in which participants remember
an item (e.g., a coloured shape) while performing an
intervening but unrelated visual search task during
the delay period between WM cue and subsequent
probe. Critically, the WM item can reappear in the
search display, either coinciding with the location of
a target (i.e., “valid”) or with the location of a distractor
(i.e., “invalid”), or fail to reappear in the display at all
(i.e., “neutral”). The canonical finding is that search
response times are faster when the WM item validly
cues the target location, and slower when the WM

item invalidly cues a distractor location (Soto et al.,
2008). Even when WM contents can never match the
target, such that WM-driven attention is strategically
detrimental for search, response times are neverthe-
less slowed when WM-matching distractors are
present (Carlisle & Woodman, 2011; Dowd, Kiyonaga,
Beck, & Egner, 2015a; Han, 2015b; Kiyonaga, Egner, &
Soto, 2012; Olivers et al., 2006; Soto et al., 2005; but
see Dowd, Kiyonaga, Egner, & Mitroff, 2015b; Han &
Kim, 2009; Woodman & Luck, 2007). Oculomotor
responses also reflect these validity effects, such
that more first saccades land on or are directed
towards WM-matching items in the search display
(e.g., Silvis, Belopolsky, Murris, & Donk, 2015), even
when such trajectories are detrimental for search
(e.g., Olivers et al., 2006; Soto et al., 2005). These
findings are generally interpreted as visual attention
being biased towards – or even captured by – WM-
matching items.

More recently, WM-driven attention has been
shown to enhance perceptual processing at WM-
matching locations (Han, 2015a; Pan, Cheng, & Luo,
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2012; Pan, Luo, & Cheng, 2016; Soto, Wriglesworth,
Bahrami-Balani, & Humphreys, 2010). Rather than
comparing speeded response times, these studies
emphasize the accuracy or sensitivity of target dis-
crimination (e.g., which direction is the target line
tilted?) in search displays that were presented very
briefly (27 ms to 164 ms). Perceptual discrimination
(in terms of both percentage correct and signal detec-
tion measures) was significantly improved for targets
appearing at WM-matching locations (Han, 2015a;
Soto et al., 2010). Importantly, these enhancements
were found even in the absence of explicit awareness
(Pan et al., 2012) or in the absence of external noise
(i.e., distractors or masks; Pan et al., 2016), underscor-
ing the “perceptual enhancement” theory that WM-
driven attention automatically boosts early perceptual
processing (compared to later selection or decision cri-
teria only; Soto et al., 2010; but see Cosman & Vecera,
2011). Similarly, in a dual-task WM and saccade orient-
ing paradigm, eye movements to a WM-matching
saccade target were faster and more spatially accurate
than to a neutral target, suggesting that initial percep-
tual salience of the saccade target is modulated by the
contents of WM (Hollingworth, Matsukura, & Luck,
2013).

Evidence for the perceptual enhancement theory of
WM-driven attention has been primarily limited to
whether target processing is enhanced – i.e., validly
cueing a target location enhances target discrimi-
nation. But what if the contents of WM match a dis-
tractor location? A perceptual enhancement account
should predict enhanced perception of the WM-
matching distractor –which might consequently inter-
fere with perception of the target. However, in pre-
vious studies, invalidly cueing a distractor location
did not adversely impact perceptual processing of
the target, at least in terms of accuracy or signal detec-
tion sensitivity (Han, 2015a; Pan et al., 2016). This
asymmetry stands in marked contrast to WM effects
on response times, which are both significantly
speeded by WM-matching targets and significantly
slowed by WM-matching distractors (e.g., Kiyonaga
et al., 2012). To reconcile these effects and gain
further insight into WM-driven effects on perception,
the current study approaches perceptual processing
from a new perspective: probabilistic modeling of con-
tinuous feature perception.

We adapted a recent paradigm for measuring dis-
tortions in feature perception (Golomb, L’Heureux, &

Kanwisher, 2014), in which participants were cued to
shift or split spatial attention between two locations,
before reporting the colour of an item at a target
location. Rather than use a binary discrimination
task, colour responses were selected from a continu-
ous colour wheel, encouraging finer-grained esti-
mates of perceptual encoding (Wilken & Ma, 2004).
By applying probabilistic mixture models to the dis-
tribution of colour responses, Golomb et al. (2014)
found that explicitly cueing attention to a non-
target (distractor) location interfered with perception
of the target’s features, such that distractor features
were sometimes erroneously reported instead of
the target’s (e.g., “swapping errors”) or caused more
subtle distortions of the target feature (e.g., reporting
a blend of target and distractor colours; “mixing
errors”). Here, we ask whether target feature percep-
tion is likewise disrupted by WM-driven attention to a
distractor location.

The current dual-task paradigm combined WM
and a continuous feature report: Participants remem-
bered a specific shape (e.g., a triangle) across an
intervening visual search, in which they reported
the colour of a target item (by selecting from a
colour wheel). The contents of WM (shapes) were
orthogonal and thus irrelevant to the perceptual
colour-report task. However, all items in the search
array had distinct shapes, such that the WM shape
could match the target item (valid), a distractor
item (invalid), or no search item at all (neutral). We
expected visual attention to be biased towards
WM-matching shapes, and in line with previous
studies, for WM-driven attention to enhance feature
perception of targets appearing at a WM-matching
location (i.e., on valid trials). Our critical question
was, how does a WM-matching distractor interfere
with the processing of a target feature? One hypoth-
esis is that WM-driven attention to a non-target
location automatically encodes and enhances the
feature of that distractor, resulting in perceptual
interference of the target – which could manifest as
erroneous misreports of the WM-matching distractor
feature (swapping errors) or blending between target
and distractor features (mixing errors). Alternatively,
WM-driven attention away from the target location
might simply disrupt target processing more gener-
ally, resulting in impaired encoding of the target
feature (i.e., impaired accuracy or precision) without
specific perceptual interference.
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Experiment 1

Method

Participants
Twenty-three participants (ages 18–22; 6 male) were
recruited from the undergraduate Research Experi-
ence Program pool at The Ohio State University.
Four additional participants were excluded, 3 for
poor WM task performance (<70% WM accuracy)
and 1 for not successfully performing the colour-
report task (>50% probability of guessing on neutral
trials: pU from the probabilistic model described
below). All participants reported normal or cor-
rected-to-normal visual acuity and colour vision,
received course credit, and provided informed
consent in accordance with The Ohio State University
institutional review board.

Stimuli & procedure
All stimuli were presented against a black background
on a 21-inch flatscreen CRT monitor with a refresh rate
of 85 Hz and screen resolution of 1280 × 1024 pixels,
using Matlab and the Psychophysics Toolbox (Brai-
nard, 1997). The monitor was colour-calibrated with
a Minolta CS-100 colorimeter. Subjects were posi-
tioned with a chinrest approximately 60 cm from the
monitor in a dimly lit room, and eye position was mon-
itored with an EyeLink 1000 eye-tracking system.

Figure 1A depicts an example trial sequence. Each
trial began with the presentation of a central fixation
cross (white, 0.48° × 0.48°). Participants were
instructed to fixate centrally at the start of each trial,
but they were not instructed to maintain central
fixation throughout the whole trial. Once participants
had accurately fixated for 500 ms (i.e., maintain eye
position within a 2°-radius of central fixation), as deter-
mined by real-time eye-tracking, the WM cue item was
presented at the centre of the screen under the word
“Remember!” for 1000 ms. The WM cue was a single
white shape (circle, square, diamond, pentagon,
hexagon, or triangle; 4° × 4° area), presented at a
random rotation (steps of 45°). Participants were
instructed to remember the shape for a subsequent
test. The WM cue was followed by a 1000-ms delay
period in which only the fixation cross was visible on
the screen, and then by the search array.

The search array consisted of three items (each 4° ×
4° area) of distinct shape (drawn from the same set of

shapes and rotations as for WM task) and distinct
colour, positioned at the 12, 4, and 8 o’clock positions
on an imaginary clock face centred on fixation (7°
eccentricity). One of the three shapes was denoted
as the target (T) by a thick white outline (0.12° stroke
width); the location of the target item was randomly
determined on each trial. The colour of the target
was chosen randomly on each trial from 360 possible
colours, which were evenly distributed along a 360°
circle in CIE L*a*b* coordinates with constant lumi-
nance (L* = 70, centre at a* = 20, b* = 38, and radius
60; Zhang & Luck, 2008). The colours of the remaining
two distractor shapes (N1 and N2) were set to be equi-
distant in opposite directions along the colour wheel
(120° clockwise or counterclockwise deviation from
the target colour). Participants were instructed to
search for the target and encode its colour; they
were explicitly told that shape was irrelevant for the
colour-report task. The search array was presented
for 150 ms, followed by 250 ms of masks (4° × 4°-
squares coloured with a random colour value at
each pixel location, covering each of the search
locations).

Participants then reported the colour of the target
item: A large multicoloured wheel (10° diameter; 1°
width) was presented at a random rotation, at the
centre of the screen. A white line appeared at a
random location along the colour wheel to indicate
the starting response value, and participants were
instructed to adjust the position of the white line to
match the colour of the search target. The line’s pos-
ition was adjusted using an input dial (PowerMate
USB Multimedia controller, Griffin Technology, USA).
To submit their response, participants clicked down
on the dial when they were done adjusting. Accuracy
was stressed, and there was a time limit of 5 s. Then
participants were shown visual feedback for
1000 ms: The reported colour response was shown
as a disc (2° diameter) in the centre of the screen,
and the actual target colour was displayed as a disc
(2° diameter) in the target location.

Then a WM probe item appeared in the centre of
the screen under the words “Same or different?” The
probe item was a single white shape (4° × 4° area)
either identical to the initial WM cue item (in both
shape and rotation) or a different shape (presented
at a random rotation) that had not previously
appeared in the trial. Participants were instructed to
indicate whether the probe was “same” or “different”
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Figure 1. Example trial sequences for (A) Experiment 1 and (B) Experiment 2, and the object stimuli used in (C) Experiment 3. Partici-
pants were to remember a shape across an intervening visual search, in which they reproduced the colour (continuous-report) of a
target item denoted by a white outline. Critically, the WM shape could reappear in the search array at the target location (“Valid”),
at an adjacent distractor location (“Invalid”), or not at all (“Neutral”). Experiment 1 only included Neutral and Invalid trials. Target-dis-
tractor similarity was 120° in Experiment 1, or 90° and 30° in Experiment 2, as illustrated with placeholders in (D); the white outline
denotes the T item in these panels. The WM probe was either the same or a different shape from the initial WM cue, and auditory
feedback indicated whether the WM response was correct or not. For each sequence, the final panel (dotted outline) denotes
which array position corresponds to T, N1, N2, and N3 (Experiment 2 only). On Neutral trials, N1 and N2 are arbitrarily assigned. Exper-
iment 3 used the same design as in Experiment 2, but with different stimuli.
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as the initial WM cue, by using designated keypresses
on the keyboard. “Same” and “different” WM probes
occurred equally often, in a randomized order. Accu-
racy was stressed, and there was a time limit of 2 s.
After the WM response, participants were given audi-
tory feedback, with a high beep (800 Hz, 100 ms) to
indicate a correct WM response and a low beep
(400 Hz, 100 ms) to indicate an incorrect WM
response.

Design
Trials were classified by validity (i.e., neutral, invalid),
depending on the relationship between the WM cue
(i.e., the shape to be held in memory) and the search
array. To emphasize attentional capture by WM, only
neutral and invalid trials were ever presented in Exper-
iment 1, randomly intermixed within blocks with equal
frequency (50% neutral, 50% invalid). In invalid trials,
the WM cue shape matched the shape of a distractor,
whose colour was 120° from the target colour (± direc-
tion varied across trials). This critical distractor was
always labeled “N1”; thus, distractor “N2” was a
control item with a different shape whose colour
was set 120° from the target colour in the opposite
direction. In neutral trials, the WM cue shape never
reappeared within the search array, and “N1” and
“N2” labels were randomly assigned to the two distrac-
tor items. Thus, in Experiment 1 the WM cue shape
could never match the shape of the search target,
de-incentivizing any strategic orienting towards the
WM-match (e.g., Olivers, 2009; Soto et al., 2005).
Each participant completed as many blocks as poss-
ible in a 60-minute experimental session, resulting in
5–9 blocks of 36 trials of intermixed neutral and
invalid trials, or 90–162 trials of each validity condition.
The experiment began with practice trials for the WM
task alone (6 trials), the search task alone (10 trials),
and the dual-task WM and search (16 neutral trials).

Probabilistic mixture modeling
On each trial, colour report error during the search
task was calculated as the angular deviation
between the reported colour and the true colour of
the target item (θ = colour error, range −180° to
180°). Overall target colour report accuracy was calcu-
lated as the root mean squared error (RMSE; see Fan &
Turk-Browne, 2013). For modeling purposes, the
correct target (T) colour was represented as 0°, and
critical N1 and control N2 distractors were aligned at

+120° and −120°, respectively. To quantify feature per-
ception of the target, we applied a probabilistic
mixture model (Bays, Catalao, & Husain, 2009;
Golomb et al., 2014; Zhang & Luck, 2008) that com-
bines three von Mises probability density functions
with a uniform guessing component:

p(u) = (1− b− d− l)fm,s + bf2p
3

,s
+ df

−
2p
3

,s

+ l
1
2p

( )
,

where θ is the colour response error in radians, fm,s

reflects a Von Mises distribution with flexible mean μ

and flexible standard deviation σ (i.e., flexibly
centred on the target value), f2

3
p,s

reflects a Von

Mises distribution with a fixed mean at
2
3
p (i.e.,

centred on the critical N1 value, with the same σ as
the target distribution), and f

−
2
3
p,s

reflects a Von

Mises distribution with a fixed mean at − 2
3
p (i.e.,

centred on the control N2 value, with the same σ as
the target distribution). β is the probability of misre-
porting the N1 colour value, δ is the probability of mis-
reporting the N2 colour value, and λ is the proportion
of trials in which the participant responds at random.
The mixture model was fit using a differential evol-
ution Markov chain Monte Carlo algorithm (DE-
MCMC; Ter Braak, 2006), as implemented through
custom R scripts. Parameter estimates were obtained
separately for each individual subject and each validity
condition, then group means were evaluated with
paired t-tests or within-subject ANOVAs. Cohen’s d
(effect size) was calculated as the difference in
means divided by the pooled standard deviation.

Conventional MCMC sampling performance is
greatly influenced by the choice of the proposal distri-
bution (e.g., Gaussian), which generates candidate
samples probabilistically (see van Ravenzwaaij,
Cassey, & Brown, 2018 for review). However, the DE-
MCMC algorithm overcomes this limitation by using
a system of interacting Markov chains to adaptively
create new candidate samples, boosting its perform-
ance and efficiency (Turner, Sederberg, Brown, & Stey-
vers, 2013). The DE-MCMC method also achieved
better convergence for 30°-similarity trials (Exper-
iments 2 and 3). For the current DE-MCMC sampler,
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we sampled γ randomly on each step from a uniform
distribution between 0.5 and 1 and set b = 0.001 for
the small-variance random noise. We ran 24 interact-
ing chains and obtained 500 samples after a burn-in
period of 500 samples for each chain and approxi-
mated the maximum-likelihood estimates of each par-
ameter for the abovemixture model by calculating the
mean of each posterior distribution.

Results

Shape WM task
Performance on the WM task (M = 87.6%, SD = 7.2%)
was above chance (50%), t(22) = 58.8, p < .001, d =
12.3, but was not significantly different between
invalid and neutral trials, t(22) = 0.15, p = .881, d =
0.03. For all subsequent analyses reported below, all
trials were included, regardless of how participants
responded to the WM probe. Data were also analyzed
including only trials in which participants responded
correctly to the WM probe, and this resulted in the
same patterns of results (data not shown).

Colour-report task
Our primary focus of this experiment was on the con-
tinuous colour-report data from the intervening search
task, and how these colour reports might be influenced
by WM-matching distractors. Mean RMSE (i.e., overall
error) on the continuous colour-report task was 36.3°

(SD = 16.4°) and was significantly greater for invalid
than neutral trials, t(22) = 2.25, p = .035, d = 0.47 (Table
1; Figure 2). To quantify whether the types of errors
differed across these two conditions, colour
responses were fit with a probabilistic mixture
model to obtain average estimates of the probabil-
ities of reporting the target (pT), each of the distrac-
tors (pN1, pN2), or random guessing (pU); the
models also included parameters for the mean (μ)
and standard deviation (σ) of the target distribution
(Table 2). Comparing these parameter estimates
across validity condition showed significant differ-
ences for general target processing: Participants
were more likely to report the target in neutral trials
compared to invalid trials, pT: t(22) = 3.02, p = .006,
d = 0.63, and were more likely to guess in invalid
than neutral trials, pU: t(22) = 3.99, p < .001, d = 0.83
(Figure 3A). Precision of the target report was not sig-
nificantly different between conditions, σ: t(22) = 1.54,
p = .137, d = 0.32. Critically, we found no evidence of
specific perceptual interference from a distractor
feature: There was no increased misreporting of the
colour of the WM-matching N1 distractor – in a 2 ×
2 repeated-measures ANOVA across factors of validity
(invalid, neutral) and non-target (critical N1, control
N2), neither of the main effects nor the interaction
effect was significant, ps > 0.27 (Table 2; Figure 3F).
There was also no evidence of mixing of target and
distractor colours; the μ parameter did not differ

Table 1. Overall colour-report error (RMSE) for Experiments 1, 2 & 3.
Target-distractor
similarity Valid Neutral Invalid Statistical tests

120° (Expt 1) – 34.7 (17.2) 37.6 (16.2) t(22) = 2.25, p = .035, d = 0.47 *
90° (Expt 2) 40.6 (14.1) 44.3 (16.4) 44.3 (17.5) F(2, 46) = 2.88, p = .067, η2 = .11
30° (Expt 2) 44.8 (15.5) 49.8 (14.3) 47.3 (17.3) F(2, 46) = 3.64, p = .034, η2 = .14 *

Post-hoc tests
Valid-Neutral: t(23) = 3.57, p = .002, d = 0.73 **
Valid-Invalid: t(23) = 1.36, p = .188, d = 0.28
Neutral-Invalid: t(23) = 1.31, p = .204, d = 0.27

90° (Expt 3) 49.3 (17.1) 52.6 (14.2) 56.5 (18.8) F(2, 38) = 4.87, p = .013, η2 = .20 *
Post-hoc tests
Valid-Neutral: t(19) = 1.54, p = .141, d = 0.34
Valid-Invalid: t(19) = 2.85, p = .010, d = 0.64 **
Neutral-Invalid: t(19) = 1.75, p = .097, d = 0.39

30° (Expt 3) 47.5 (15.5) 48.7 (14.4) 52.5 (17.4) F(2, 38) = 3.41, p = .043, η2 = .15 *
Post-hoc tests
Valid-Neutral: t(19) = 0.60, p = .555, d = 0.13
Valid-Invalid: t(19) = 2.70, p = .014, d = 0.60 **
Neutral-Invalid: t(19) = 1.82, p = .085, d = 0.41
Omnibus 3 × 2 ANOVA
Validity: F(2, 38) = 6.55, p = .004, η2 = .26 *
Similarity: F(1, 19) = 4.10, p = .057, η2 = .18
Interaction: F(2, 38) = 0.42, p = .660, η2 = .02

*Denotes statistical significance at p < .05.
**Denotes statistical significance at p < .017 (Bonferroni-corrected for multiple post-hoc comparisons).
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from zero for neutral, t(22) = 1.11, p = .278, d = 0.23, or
invalid trials, t(22) = 0.22, p = .827, d = 0.05, nor
between conditions, t(22) = 0.92, p = .369, d = 0.19.

Discussion

Experiment 1 suggests that WM-matching distractors
can capture attention, but this WM-driven capture
seems to disrupt target processing only in a general
manner, increasing the probability of reporting at
random. In Experiment 1, there was no evidence for
any specific perceptual interference, given the lack of
significant swapping errors or feature distortions (cf.
Golomb et al., 2014). This pattern suggests that
effects of WM-driven capture on distractor processing,
at least in this paradigm, might be too transient or
weak to consequently disrupt perception of the
target’s features. One alternative explanation is that
the colour-report task in Experiment 1 was too easy:
Overall probability of reporting the target colour (pT)
was generally high (M = 86.5%, SD= 11.2%), and the
combined probability of misreporting either non-
target colour was generally low (pN1 + pN2, M = 5.8%,
SD= 4.2%), perhaps masking any significant differences
in swapping or mixing effects that might be present in
a harder task. This was addressed in Experiment 2.

Experiments 2 & 3

The primary goal of Experiments 2 and 3 was to
magnify any potential effects of WM-driven attention

on distractor processing. For Experiment 2, we made
four major changes to the paradigm: (1) We increased
the difficulty of the colour-report task by increasing
the number of search items, reducing the search
item size, and reducing the search presentation dur-
ation. The larger set size increases inter-item compe-
tition, which has been argued to produce stronger
attentional biases (e.g., Hickey, Olivers, Meeter, &
Theeuwes, 2011). (2) Attentional bias to WM-matching
items was boosted by including both valid
(WM-matching target) and invalid (WM-matching dis-
tractor) conditions; although it was probabilistically
inefficient for participants to attend to the WM-match-
ing shape in order to find the colour-report target
(only 33% valid trials), the inclusion of any valid trials
could still encourage an overt strategy to attend to
WM-matching items (Woodman & Luck, 2007). Thus,
the potential absence of target feature disruptions

Figure 2. Overall colour error, as measured by root mean squared error (RMSE; Fan & Turk-Browne, 2013). RMSE was significantly
different across validity condition in Experiment 2 (for 30°-similarity trials), and in Experiment 3 (for both 90°-similarity and 30°-similarity
trials). The corresponding mean values and statistical comparisons are reported in Table 1. Error bars denote standard error.

Table 2. Overall model parameters for Experiment 1.
Parameter Neutral Invalid Statistical tests

pT .879 (.11) .851 (.12) t(22) = 3.02, p = .006, d = 0.63 *
pU .066 (.07) .089 (.08) t(22) = 3.99, p < .001, d = 0.83 *
pN1 .030 (.02) .032 (.03) t(22) = 0.32, p = .752, d = 0.07
pN2 .026 (.02) .028 (.03) t(22) = 0.53, p = .602, d = 0.11

Omnibus 2 × 2 ANOVA
Validity: F(1, 22) = 0.27, p = .610,
η2 = .01
Non-Target: F(1, 22) = 1.25,
p = .276, η2 = .05
Interaction: F(1, 22) = 0.003,
p = .958, η2 < .01

σ 16.7 (3.1) 16.2 (2.8) t(22) = 1.54, p = .137, d = 0.32
μ 0.389 (1.68) −0.102 (2.21) t(22) = 0.92, p = .369, d = 0.19

*Denotes statistical significance at p < .05.
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Figure 3. Mixture model parameter estimates for Experiment 1 (A), Experiment 2 90°-similarity (B), Experiment 2 30°-similarity (C),
Experiment 3 90°-similarity (D), and Experiment 3 30°-similarity (E). Plots on the left show the probability of each type of error (e.g.,
pT), and plots on the right show estimates for the standard deviation of the target distribution (σ) and the mean of the target distri-
bution (μ, or mu). The plots in (F) are zoomed in on the N1 and N2 swapping errors from (A–E). None of the experiments revealed a
significant increase in swapping errors for the WM-matching N1 distractor in Invalid trials. The corresponding mean estimates and stat-
istical comparisons are reported in Tables 2–4. Error bars denote standard error.
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under these stronger conditions of WM-driven
attention would be even more striking. (3) The intro-
duction of valid trials, however, makes it possible
that effects of WM-driven attention might operate
postperceptually to reduce uncertainty about the
location of the target (Cosman & Vecera, 2011),
which would not predict any perceptual interference
from the processing of a WM-matching distractor. To
eliminate uncertainty about the target location
during the colour-report response, we displayed a
spatial post-cue along with the colour wheel on
every trial (Han, 2015a). (4) We manipulated target-dis-
tractor similarity by including trials in which the dis-
tance between the target colour and adjacent
distractor colours along the colour wheel was either
90° or 30°, which have previously been demonstrated
to produce mixing errors (perceptual blending of the
target and distractor colours) or repulsion errors (per-
ceptual distortion away from the distractor colour),
respectively (Golomb, 2015). Experiment 3 attempted
to boost the effects of WM-driven attention even
further. Instead of geometric shapes, we used

images of real-world objects, such that the semantic
associations of the WM stimuli could further guide
visual attention (e.g., Moores, Laiti, & Chelazzi, 2003;
Soto & Humphreys, 2007).

Method

Participants
For Experiment 2, 24 new participants (ages 18–25; 12
male) were recruited from the undergraduate Research
Experience Program pool at The Ohio State University.
Three additional participants were excluded, 2 for
poor WM task performance (<70% WM accuracy) and
1 for completing too few trials in a 60-minute
session.1 Experiment 3 recruited 20 new participants
(ages 18–22; 9 male); 8 additional participants were
excluded, 1 for poor WM task performance (<70%
WM accuracy), 4 for completing too few trials in a 60-
minute session, and 3 for not successfully performing
the colour-report task (> 50% probability of guessing
on neutral trials). All participants reported normal or

Table 3. Overall model parameters for Experiment 2.
90° Target-distractor similarity

Parameter Valid Neutral Invalid Statistical tests

pT .831 (.10) .799 (.12) .793 (.14) F(2, 46) = 5.09, p = .010, η2 = .18 *
Post-hoc tests
Valid-Neutral: t(23) = 2.48, p = .021, d = 0.51
Valid-Invalid: t(23) = 3.28, p = .003, d = 0.67 **
Neutral-Invalid: t(23) = 0.42, p = .679, d = 0.09

pU .064 (.05) .080 (.06) .087 (.08) F(2, 46) = 3.83, p = .029, η2 = .14 *
Post-hoc tests
Valid-Neutral: t(23) = 2.07, p = .050, d = 0.42
Valid-Invalid: t(23) = 3.15, p = .005, d = 0.64 **
Neutral-Invalid: t(23) = 0.70, p = .493, d = 0.14

pN1 .037 (.02) .043 (.03) .048 (.03) F(2, 46) = 1.82, p = .174, η2 = .07
pN2 .040 (.03) .044 (.03) .038 (.02) F(2, 46) = 0.69, p = .505, η2 = .03

Omnibus 3 × 2 ANOVA
Validity: F(2, 46) = 1.47, p = .240, η2 = .06
Non-Target: F(1, 23) = 0.61, p = .445, η2 = .03
Interaction: F(2, 46) = 1.15, p = .324, η2 = .05

pN3 .028 (.02) .033 (.02) .033 (.03) F(2, 46) = 0.97, p = .387, η2 = .04
σ 23.5 (3.5) 22.8 (4.4) 22.7 (4.1) F(2, 46) = 0.52, p = .599, η2 = .02
μ −0.50 (2.7) 0.02 (3.2) 0.51 (3.2) F(2, 46) = 0.62, p = .544, η2 = .03

30° Target-distractor similarity
Parameter Valid Neutral Invalid Statistical tests

pT .485 (.15) .438 (.14) .496 (.14) F(2, 46) = 2.74, p = .075, η2 = .11
pU .096 (.07) .124 (.09) .117 (.08) F(2, 46) = 1.60, p = .213, η2 = .07
pN1 .198 (.10) .176 (.07) .152 (.07) F(2, 46) = 3.07, p = .056, η2 = .12
pN2 .188 (.07) .219 (.09) .195 (.08) F(2, 46) = 1.68, p = .198, η2 = .07

Omnibus 3 × 2 ANOVA
Validity: F(2, 46) = 2.01, p = .145, η2 = .08
Non-Target: F(1, 23) = 3.51, p = .074, η2 = .13
Interaction: F(2, 46) = 2.78, p = .073, η2 = .11

pN3 .033 (.03) .044 (.03) .040 (.04) F(2, 46) = 2.55, p = .089, η2 = .10
σ 16.7 (3.7) 16.7 (4.2) 16.2 (4.5) F(2, 46) = 0.13, p = .880, η2 = .01
μ −3.32 (8.7) −1.13 (18.3) −0.42 (4.0) F(2, 46) = 0.39, p = .680, η2 = .02

*Denotes statistical significance at p < .05.
**Denotes statistical significance at p < .017 (Bonferroni-corrected for multiple post-hoc comparisons).
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corrected-to-normal visual acuity and colour vision,
received course credit, and provided informed consent.

Stimuli & procedure
The apparatus was identical to that used in Exper-
iment 1, but eye-tracking data were no longer col-
lected due to the shortened presentation of the
search array. The experimental task was also identical
to that of Experiment 1, with the following exceptions
(Figure 1B): In Experiment 2, each search array con-
sisted of four items (each 2.5° × 2.5° area) of distinct
shape and distinct colour, positioned at the 12, 3, 6,
and 9 o’clock positions on an imaginary clock face
centred on fixation (4° eccentricity). The target item
was denoted by a thick white outline (0.08° stroke
width), and the colour of the target was chosen

randomly on each trial; the colours of the two adjacent
items were set to be equidistant in opposite direc-
tions, deviating either 30° or 90° (clockwise or counter-
clockwise), and the fourth diagonal item was set 180°
away in colour space (Figure 1D). The fourth item was
included to increase the difficulty of colour-report
task; for the 90° target-distractor similarity trials, the
fourth colour also served to balance the array, so
that the target colour was not predictable (see
Golomb, 2015). The search array was presented for
only 50 ms, followed by a black screen for 100 ms
(to prevent immediate backward masking of the
search display), and then by 200 ms of masks. The con-
tinuous colour-report task was presented as a large
colour wheel (14° diameter; 1.4° width) at a random
rotation. A post cue (white X, 0.12° × 0.24°) indicating

Table 4. Overall model parameters for Experiment 3.
90° Target-distractor similarity

Parameter Valid Neutral Invalid Statistical tests

pT .759 (.13) .729 (.10) .681 (.16) F(2, 38) = 7.98, p = .001, η2 = .30 *
Post-hoc tests
Valid-Neutral: t(19) = 1.66, p = .114, d = 0.37
Valid-Invalid: t(19) = 4.35, p < .001, d = 0.97 **
Neutral-Invalid: t(19) = 2.12, p = .047, d = 0.47

pU .108 (.09) .127 (.06) .154 (.10) F(2, 38) = 4.13, p = .024, η2 = .18 *
Post-hoc tests
Valid-Neutral: t(19) = 1.15, p = .265, d = 0.26
Valid-Invalid: t(19) = 4.13, p < .001, d = 0.92 **
Neutral-Invalid: t(19) = 1.39, p = .182, d = 0.31

pN1 .047 (.03) .059 (.03) .070 (.06) F(2, 38) = 2.13, p = .133, η2 = .10
pN2 .045 (.03) .049 (.02) .053 (.03) F(2, 38) = 0.39, p = .683, η2 = .02

Omnibus 3 × 2 ANOVA
Validity: F(2, 38) = 4.80, p = .014, η2 = .20 *
Non-Target: F(1, 19) = 4.88, p = .040, η2 = .20 *
Interaction: F(2, 38) = 0.38, p = .688, η2 = .02

pN3 .040 (.03) .036 (.02) .043 (.03) F(2, 38) = 0.80, p = .456, η2 = .04
σ 21.4 (7.2) 20.3 (4.9) 18.7 (4.7) F(2, 38) = 4.56, p = .017, η2 = .19 *

Post-hoc tests
Valid-Neutral: t(19) = 1.13, p = .274, d = 0.25
Valid-Invalid: t(19) = 2.77, p = .012, d = 0.62 **
Neutral-Invalid: t(19) = 2.16, p = .044, d = 0.48

μ 0.47 (2.7) 0.16 (3.3) 0.09 (3.2) F(2, 38) = 0.08, p = .925, η2 < .01

30° Target-distractor similarity
Parameter Valid Neutral Invalid Statistical tests

pT .501 (.14) .502 (.16) .436 (.17) F(2, 38) = 4.69, p = .015, η2 = .20 *
Post-hoc tests
Valid-Neutral: t(19) = 0.02, p = .986, d < 0.01
Valid-Invalid: t(19) = 2.80, p = .011, d = 0.63 **
Neutral-Invalid: t(19) = 2.23, p = .038, d = 0.50

pU .126 (.08) .138 (.08) .160 (.13) F(2, 38) = 1.62, p = .212, η2 = .08
pN1 .169 (.06) .156 (.08) .189 (.08) F(2, 38) = 1.04, p = .365, η2 = .05
pN2 .173 (.07) .164 (.05) .176 (.07) F(2, 38) = 0.22, p = .801, η2 = .01

Omnibus 3 × 2 ANOVA
Validity: F(2, 38) = 1.16, p = .324, η2 = .06
Non-Target: F(1, 19) = 0.01, p = .985, η2 < .01
Interaction: F(2, 38) = 0.27, p = .765, η2 = .01

pN3 .031 (.02) .041 (.03) .038 (.02) F(2, 38) = 2.30, p = .114, η2 = .11
σ 17.1 (4.3) 16.3 (5.1) 16.6 (3.9) F(2, 38) = 0.25, p = .778, η2 = .01
μ −2.87 (12.7) 8.71 (22.8) −2.78 (11.7) F(2, 38) = 2.61, p = .087, η2 = .12

*Denotes statistical significance at p < .05.
**Denotes statistical significance at p < .017 (Bonferroni-corrected for multiple post-hoc comparisons).
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the target location also appeared with the onset of the
colour wheel to ensure that uncertainty regarding the
target location was eliminated (see Cosman & Vecera,
2011). Instead of adjusting a response line with a dial,
participants clicked on the appropriate part of the
wheel with the mouse to input their response. Partici-
pants still received visual feedback for the colour task,
but it was displayed as smaller discs (1.25° diameter)
for only 500 ms.

In Experiment 3, the apparatus and experimental
task were identical to those of Experiment 2, except
that the stimulus set comprised 39 images of real-
world objects chosen from Brady, Konkle, Alvarez,
and Oliva (2008). Each object was transformed into a
binary image, resulting in a largely filled-in object
shape (approximately 3.5° × 3.5°) that could be
assigned a single colour value. We selected objects
whose outlines would be generally recognizable and
visually distinctive (Figure 1C). Because each object’s
outline was distinct, the target item was now
denoted by a white X (0.24° × 0.24°) overlaid on the
centre of the object. The search array was presented
for 75 ms, followed by a black screen for 100 ms,
and then by 250 ms of masks.

Design
Trials were classified by factors of validity and target-
distractor similarity (i.e., colour deviation). Unlike
Experiment 1, Experiments 2 and 3 included valid
trials, in which the WM cue matched the target
object within the search array. Neutral, valid, and
invalid trials were randomly intermixed within blocks
with equal frequency (33% neutral, 33% valid, 33%
invalid). Target-distractor similarity was manipulated
such that the colours of the two distractors adjacent
to the target deviated by either 30° or 90° (clockwise,
counterclockwise) from the target colour. Each partici-
pant completed 12 blocks of 36 trials of intermixed
validity (neutral, valid, invalid) and target-distractor
similarity (30°, 90°), resulting in 72 trials of each val-
idity-similarity condition.

Probabilistic mixture modeling
The data were analyzed in the same way as in Exper-
iment 1, but with minor adjustments to the probabil-
istic mixture models. As before, the correct T colour
was represented as 0°, but the critical N1 and control
N2 distractors were aligned at either +30° and −30°,
or +90° and −90°, depending on target-distractor

similarity. The additional diagonal N3 distractor was
always represented as 180°. The two mixture models
used in Experiment 2 combined four Von Mises prob-
ability density functions with a uniform guessing com-
ponent:

p(u) = (1− b− d− l)fm,s + bf+M,s + df+M,s

+ jfp,s + l
1
2p

( )
,

where all notations are identical to the model in Exper-
iment 1, except that Μ represents target-distractor
similarity of

p

6
(30°) or of

p

2
(90°). Thus, f+M,s reflects

a Von Mises distribution with a fixed mean centred
on the critical N1 distractor, and f−M,s is centred on
the control N2 distractor. The models also include
centred on the diagonal N3 distractor, where j is the
probability of misreporting the N3 colour value. Par-
ameter estimates were obtained with DE-MCMC sep-
arately for each individual subject, each validity
condition, and each target-distractor similarity con-
dition, then group means were evaluated with
within-subject ANOVAs; post-hoc pairwise compari-
sons were evaluated with a Bonferroni-corrected sig-
nificance threshold of p = .017.

Results: Experiment 2

Shape WM task
Performance on the WM task (M = 85.7%, SD = 7.8%)
was above chance (50%), t(23) = 54.0, p < .001, d =
11.0, and was significantly different across validity con-
ditions, F(2, 46) = 10.8, p < .001, η2 = .32. Post-hoc tests
showed that WM performance on valid trials was sig-
nificantly better compared to neutral trials, t(23) =
4.64, p < .001, d = 0.95, and to invalid trials, t(23) =
3.10, p = .005, d = 0.63. These memory benefits likely
resulted from an updating of the memory represen-
tation due to reprocessing the valid target item. WM
accuracy was not significantly different between
invalid and neutral trials, t(23) = 1.13, p = .270, d =
0.23, as in Experiment 1.

Colour-report task (90°)
For trials in which target-distractor similarity was 90°,
mean RMSE on the continuous colour-report task
was 43.4° (SD = 15.3°). Compared to the mean RMSE
for neutral trials in Experiment 1, a two-sample t-test
revealed that RMSE for 90°-similarity neutral trials in
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Experiment 2 was marginally greater, t(45) = 1.96, p
= .056, d = 0.57, suggesting that the modified task
was more difficult. A repeated-measures ANOVA
revealed that colour-report error was marginally
different across validity conditions, F(2, 46) = 2.88, p
= .067, η2 = .111, with mean RMSE on valid trials
numerically smaller than on neutral or invalid trials
(Figure 2).

To quantify the types of errors, each model par-
ameter estimate was compared across validity (Table
3). As in Experiment 1, general target processing was
impacted by validity condition, as indicated by signifi-
cant differences across both pT, F(2, 46) = 5.09, p
= .010, η2 = .18, and pU, F(2, 46) = 3.83, p = .029, η2

= .14 (Figure 3B). As evaluated at Bonferroni-adjusted
p-value of .017, post-hoc tests showed that partici-
pants were significantly more likely to report the
target in valid compared to invalid trials, t(23) = 3.28,
p = .003, d = 0.67, and were significantly less likely to
guess in valid trials compared to invalid trials, t(23) =
3.15, p = .005, d = 0.64. The precision of target report
was not significantly different across validity con-
dition, F(2, 46) = 0.52, p = .599, η2 = .02.

Overall rates of misreporting the colour of any non-
target (i.e., N1, N2, or N3; M = 11.5%, SD = 5.7%) were
significantly greater than those of Experiment 1, t
(45) = 3.90, p < .001, d = 1.14. Yet we again found no
evidence of specific perceptual interference from a
distractor feature: A 3 × 2 repeated-measures ANOVA
across factors of validity (valid, neutral, invalid) and
non-target (critical N1, control N2) revealed that
neither of the main effects nor the interaction effect
was significant, ps > 0.24 (Figure 3F). There was also
no increase in feature mixing when the target colour
and critical N1 colour were 90° apart (cf. Golomb,
2015), as the mean of the target distribution for
invalid trials did not differ from zero, t(23) = 0.78, p
= .446, d = 0.16, or change across validity condition, F
(2, 46) = 0.62, p = .544, η2 = .03.

Colour-report task (30°)
For trials in which target-distractor similarity was 30°,
mean RMSE on the continuous colour-report task
was 47.6° (SD = 14.8°), which was significantly larger
than RMSE for 90°-similarity trials, t(23) = 3.57, p
= .002, d = 0.73. A 3 × 2 repeated-measures ANOVA
across factors of validity (valid, neutral, invalid) and
target-distractor similarity (90°, 30°) revealed signifi-
cant main effects for both validity, F(2, 46) = 5.49, p

= .007, η2 = .19, and target-distractor similarity, F(1,
23) = 12.3, p = .002, η2 = .35, but no significant inter-
action effect, F(2, 46) = 0.51, p = .607, η2 = .02, indicat-
ing that validity effects on colour-report error were
robust across both 90°- and 30°-similarity conditions,
and were not modulated by target-distractor similarity
distance (Table 1; Figure 2).

However, target-distractor similarity did have an
impact on critical N1 swapping errors, as indicated
by a significant three-way interaction across factors
of validity, non-target, and similarity, F(2, 46) = 3.8, p
= .029, η2 = .143 (Figure 3F), although this three-way
interaction is not easily interpretable. Breaking it
down by similarity, a 3 × 2 repeated-measures
ANOVA across factors of validity (valid, neutral,
invalid) and non-target (critical N1, control N2)
revealed non-significant interactions for both simi-
larity conditions: There was no significant interaction
for the 90°-similarity trials (reported above: ps > 0.24),
and a weak but non-significant interaction effect for
the 30°-similarity trials, F(2, 46) = 2.78, p = .073, η2

= .11; if anything, the results went numerically in the
opposite direction of predicted N1 swapping errors
for these 30°-similarity trials. Moreover, there was no
evidence of feature distortion – either mixing or repul-
sion – when the target colour and critical N1 colour
were 30° apart (cf. Golomb, 2015), as the mean of
the target distribution for invalid trials did not differ
from zero, t(23) = 0.51, p = .613, d = .11, or change
across validity condition, F(2, 46) = 0.39, p = .680, η2

= .02. Comparisons of pT, pU, and the precision of
the target report (σ) were also not significantly
different across validity condition for the 30°-similarity
trials (Figure 3C; Table 3).

Results: Experiment 3

Object WM task
As in the previous two experiments, performance on
the WM task (M = 90.3%, SD = 6.3%) was above
chance (50%), t(19) = 64.5, p < .001, d = 14.4, and was
significantly different across validity conditions, F(2,
38) = 6.0, p = .005, η2 = .24.

Colour-report task (90°)
For trials in which target-distractor similarity was 90°,
mean colour RMSE was 53.2° (SD = 15.8°). Mean
RMSE for 90°-similarity neutral trials in Experiment 3
was greater than RMSE for neutral trials in Experiment
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1, t(41) = 3.69, p < .001, d = 1.13, suggesting that this
version of the task was indeed more difficult. Colour-
report error was also significantly different across val-
idity conditions, F(2, 38) = 4.87, p = .013, η2 = .20, with
mean RMSE on valid trials smaller than invalid trials
(Table 1; Figure 2).

In terms of model parameter estimates (Table 4), we
again found that general target processing was
impacted by validity condition, as indicated by signifi-
cant differences across both pT, F(2, 38) = 7.98, p
= .001, η2 = .30, and pU, F(2, 38) = 4.13, p = .024, η2

= .18 (Figure 3D). Unlike in previous experiments, the
precision of target report was significantly different
across validity condition, F(2, 38) = 4.56, p = .017, η2

= .19, such that the standard deviation of valid trials
was significantly greater than that of invalid trials,
t(19) = 2.77, p = .012, d = 0.62.

Overall rates of misreporting the colour of any non-
target (i.e., N1, N2, or N3; M = 14.8%, SD = 6.1%) were
again greater than those of Experiment 1, and
similar (or marginally greater) than those of Exper-
iment 2, t(42) = 1.82, p = .0756, d = 0.55. Yet we again
found no evidence of specific perceptual interference
from a distractor feature: A 3 × 2 repeated-measures
ANOVA across factors of validity (valid, neutral,
invalid) and non-target (critical N1, control N2) did
not find a significant interaction effect, F(2, 38) =
0.38, p = .688, η2 = .02. There was also no increase in
feature mixing when the target colour and critical
N1 colour were 90° apart (cf. Golomb, 2015), as the
mean of the target distribution for invalid trials did
not differ from zero, t(19) = 0.13, p = .900, d = 0.03, or
change across validity condition, F(2, 38) = 0.08, p
= .925, η2 < .01.

Colour-report task (30°)
For trials in which target-distractor similarity was 30°,
mean colour RMSE was 49.9° (SD = 14.8°). A 3 × 2
repeated-measures ANOVA across factors of validity
(valid, neutral, invalid) and target-distractor similarity
(90°, 30°) found only a significant main effect for val-
idity, F(2, 38) = 6.6, p = .004, η2 = .26, but no significant
interaction effect, F(2, 38) = 0.42, p = .660, η2 = .02,
indicating that validity effects on colour-report error
were not modulated by target-distractor similarity dis-
tance (Figure 2; Table 1).

Unlike in Experiment 2, in Experiment 3 target-dis-
tractor similarity did not have a significant impact on
critical N1 swapping errors, as evidenced by the lack

of a three-way interaction across factors of validity,
non-target, and similarity, F(2, 38) = 0.11, p = .899, η2

< .01 (Figure 3F). For the 30°-similarity trials, only
general target processing was impacted by validity
condition, with significant differences across pT, F(2,
38) = 4.69, p = .015, η2 = .20, There was no evidence
of feature swapping or feature distortion in the pres-
ence of a WM-matching distractor, and comparisons
of pU and the precision of the target report (σ) were
also not significantly different across validity condition
(Figure 3E; Table 4).

Discussion

The primary goal of Experiments 2 and 3 was to
increase difficulty and magnify any WM-driven
effects on distractor processing. The adapted para-
digms were indeed more difficult, with greater
overall colour error (RMSE) and greater overall likeli-
hood of misreporting one of the non-target colours.
Critically, we still found no evidence for specific per-
ceptual errors. In other words, the WM-matching dis-
tractor did not seem to interfere with the target’s
feature information. On invalid trials, there was
neither an increase in swapping errors for the WM-
matching N1 distractor specifically, nor any evidence
for feature distortion between the target and N1
features.

The secondary goal of Experiments 2 and 3 was to
manipulate target-distractor similarity (90°, 30°), to see
if different feature distortion effects might be found if
mixing versus repulsion errors were expected
(Golomb, 2015). We did not find evidence of mixing
errors in 90°-trials or repulsion errors in 30°-trials;
there were no significant feature distortions in either
case. It should be noted that the general effects of
WM-driven attention on target perception (i.e., pT,
pU) were significant in both experiments for the 90°-
similarity trials, but only significant in Experiment 3
for 30°-similarity trials. Nonetheless, when WM-driven
attention effects were present, the effects were
limited to these generic target performance measures;
we found no systematic perceptual interference in the
presence of a WM-matching distractor for any target-
distractor similarities.

A major difference between Experiment 1 and
Experiments 2 and 3 was the addition of a post-cue
during the colour-report task. While the intention of
the post-cue was to rule out the uncertainty
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hypothesis of WM-driven attention (Cosman & Vecera,
2011), participants could have potentially changed
their search strategy by encoding all colours and
locations, then strategically using the post-cue to
retrieve the correct response (though this would
have been very difficult to execute with such a brief
stimulus duration). However, the presence of validity
effects in general target processing for 90°-trials in
Experiments 2 and 3 indicates that the contents of
WM still had an impact on that initial encoding
phase. Thus, even if a participant encoded all four
colours and their locations, the data suggest that the
WM-matching item still received greater attention
than a non-matching item. Therefore, the addition of
a post-cue should not impact our interpretations of
these results.

One notable limitation of including multiple target-
distractor distances in Experiments 2 and 3 is the
reduction in the number of trials that each participant
completed. Because parameter estimates were
obtained by fitting separate probabilistic models for
each individual subject and each validity-similarity
condition, the data for these experiments reflect
only 72 trials per model (see Supplemental Table S1).
In other words, it is possible that the current group-
level results are based on underpowered models at
the individual-level. To address this, we ran another
experiment that was identical to Experiment 2,
except it included only 90°-similarity trials. Although
this resulted in 144 trials per model, that experiment
– surprisingly – found no evidence for the general
indicators of WM-driven attention, even for basic
colour error RMSE (see Supplemental Experiment 6).
In the interest of transparency, we report this exper-
iment in the Supplement, along with two other exper-
iments in our “file drawer” similar to Experiment 1 that
also failed to produce reliable generic WM-driven
attention effects (Supplemental Experiments 4–5).
These data suggest that WM-driven attention in
general may not be as robust or reliable in this para-
digm, as discussed more below. However, the fact
that Experiments 2 and 3 produced such similar pat-
terns of data despite the smaller number of trials per
subject – and the fact that a very similar pattern was
found in Experiment 1 – suggests that the lack of
specific perceptual interference is unlikely due to a
small number of trials, but more likely reflects a prop-
erty of WM-driven attention.

General discussion

When visual attention is biased towards WM-matching
items, WM-driven attention has been shown to
enhance early perceptual processing of that infor-
mation (e.g., more accurate and more sensitive per-
ceptual discrimination) – but only when the WM-
matching items are task-relevant (i.e., targets; e.g.,
Han, 2015a; Pan et al., 2016). But what happens
when WM-matching items are task-irrelevant (i.e., dis-
tractors)? Here, we examined whether WM-driven
attentional capture by a WM-matching distractor
interferes with perceptual processing of a target.
When WM-driven effects on attention were present,
we found no evidence of specific perceptual interfer-
ence – participants were no more likely to report the
incorrect WM-matching feature (swapping errors),
nor to blend target and distractor features (feature dis-
tortion errors). Instead, we observed only general dis-
ruptions in target processing, such that participants
were less likely to report the target colour at all and
more likely to guess randomly. These results suggest
an account in which visual attention may be drawn
to a WM-matching distractor, but any automatic per-
ceptual processing that results from that attentional
focus is too transient or weak to significantly interfere
with perceptual processing of the target’s features.

Previous studies that have examined the impact of
WM-driven attention on perceptual processing found
an asymmetry between task-beneficial enhancements
of target accuracy (Han, 2015a; Pan et al., 2012, 2016;
Soto et al., 2010) and the lack of task-detrimental inter-
ference from attending to a distractor (Han, 2015a;
Pan et al., 2016). These studies, however, utilized para-
digms in which the attentional task required a binary
response (e.g., whether the target is oriented left or
right; Cosman & Vecera, 2011; Han, 2015a; Pan et al.,
2012, 2016; Soto et al., 2010) – limiting measures of
perception to discrimination accuracy or sensitivity
(i.e., A’). In contrast, the current study used a continu-
ous-report colour task (initially described by Wilken &
Ma, 2004), which could allow for more nuanced
interpretations of target feature perception via prob-
abilistic mixture modeling (e.g., Bays et al., 2009;
Golomb et al., 2014; Zhang & Luck, 2008). Neverthe-
less, the current modeling results are consistent with
previous studies in that invalidly cueing a WM-match-
ing distractor location does not adversely impact per-
ception of the target’s features.
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The direction of this perceptual asymmetry stands
in contrast to typical WM-driven attentional effects,
in which response times are both speeded by WM-
matching targets and slowed by WM-matching dis-
tractors (e.g., Soto et al., 2005; Kiyonaga et al., 2012).
In fact, several recent studies have demonstrated
that invalid costs (i.e., slower responses) are numeri-
cally greater than valid benefits (i.e., faster responses;
Dowd, Pearson, & Egner, 2017; Kiyonaga & Egner,
2014; Soto, Rotshtein, & Kanai, 2014), although costs
and benefit effect sizes were not specifically compared
in those studies. Only one previous study has explicitly
reported greater benefits in WM-driven effects on
response times (Carlisle & Woodman, 2011). The differ-
ences in response time patterns are likely because
each of these studies used different variants of dual-
task WM and attentional paradigms, with distinct
stimuli, timing, instruction manipulations, and atten-
tional loads. Regardless of direction, the asymmetry
in WM-driven effects may reflect distinct mechanisms
of target enhancement versus distractor suppression
(e.g., Eriksen & Hoffman, 1974; Noonan et al., 2016).
For instance, one study found that not only were
WM-driven benefits uncorrelated with WM-driven
costs (on response times) within a sample of 44 partici-
pants, but benefits versus costs were also associated
with two separate neural regions within left posterior
parietal cortex (Soto et al., 2014). Thus, the current
results may reflect a strategic boosting of target per-
ception while also minimizing distractor interference
(see also Carlisle & Woodman, 2011).

Note that in the present data, we generally find
“enhanced target perception” in terms of target accu-
racy (i.e., pT) and not in terms of precision (σ): In Exper-
iment 2, target reports for valid trials were not any
more precise than for neutral or invalid trials, while
in Experiment 3, target reports for invalid trials were,
counterintuitively, more precise. One interpretation
is that these data support only a general attentional
effect, in which WM-driven attention serves as a
spatial gatekeeper – and not a perceptual magnifier
– for target processing. Another possibility is that the
effects of WM-driven attention in the current para-
digm are too weak to reliably disrupt feature percep-
tion. For instance, the WM feature (shape) was
orthogonal to the critical continuous-report feature
(colour), potentially reducing WM-driven effects on a
colour-report task. In the current experiments, we
used orthogonal features because we were specifically

interested in the phenomenon of automatic percep-
tual enhancement that might arise from incidental
WM-driven attention (see Soto et al., 2008). However,
according to a theory of WM in which multiple items
can be maintained with various levels of “activation”
or “priority” (e.g., Olivers et al., 2011), maintaining a
feature that is not directly relevant for search (i.e.,
shape) may have a weaker impact on WM-driven
spatial attention – and subsequently, WM-driven pro-
cessing. In contrast, other studies have demonstrated
that maintaining a directly-relevant feature in WM dis-
torts perception of that same feature (e.g., Kang, Hong,
Blake, & Woodman, 2011; Olkkonen & Allred, 2014;
Scocchia, Cicchini, & Triesch, 2013). While our current
data do not directly speak to this, one possible
hypothesis is that only when maintaining search-rel-
evant feature information in WM would subsequent
WM-driven feature processing be distorted; otherwise,
merely holding information in WM influences only the
spatial guidance of attention.

The lack of WM-driven perceptual interference in
Experiments 1–3 stands in contrast to a recent study
of exogenously-driven attention: Using a similar para-
digm, Chen, Leber, and Golomb (in press) compared
colour reports when attention was exogenously cap-
tured by a salient cue, either at the location of the
target (i.e., valid trials) or at the location of a distractor
(invalid trials). Exogenously-driven attention did
enhance target perception: valid trials had the best
precision and lowest guessing rates. More importantly,
attentional capture by an exogenously-cued distractor
also interfered with target perception, with large
swapping errors (misreporting the cued distractor
colour) and subtle but significant repulsion errors
(reporting a colour shifted away from the cued distrac-
tor). In conjunction with the current results, these data
support a framework in which WM-driven attention
and exogenously-driven attention rely on distinct
mechanisms (e.g., Corbetta & Shulman, 2002).

More broadly, the basic effect of WM-driven atten-
tion in our dual-task paradigm was not as robust or
reliable as expected, given the prior literature (e.g.,
Soto et al., 2008). The standard measure by which
WM-driven attention is typically assessed is through
speeded search response times; however, we specu-
late that our paradigm’s inclusion of a continuous-
report task may have diluted our ability to assess
WM-driven attentional effects, and perhaps that is
why we did not find differences in colour-report
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error or general target processing across validity con-
ditions in Supplemental Experiments 4–6 (see Sup-
plement for more discussion). However, the data in
Experiments 1–3 that do reveal significant validity
effects did not find any significant feature swapping
or distortion, suggesting that even when aWM-match-
ing distractor reliably affects general target proces-
sing, it does not alter perception of the target’s
features. Thus, WM-driven attention in our paradigm
may be too transient or weak to interfere with
feature processing and feature binding in the same
way as other attentional manipulations (e.g., goal-
driven shifting/splitting [Dowd & Golomb, 2019;
Golomb et al., 2014] or stimulus-driven attentional
capture [Chen et al., in press]).

Overall, we found that participants’ reports of a
target feature may be impaired but not perceptually
disrupted by a WM-matching distractor. Combined
with previous work (Han, 2015a; Pan et al., 2012,
2016; Soto et al., 2010), the current results suggest
that WM-driven attention may strategically enhance
early perceptual processing of task-relevant infor-
mation, without equivalent costs for task-irrelevant
information.

Note

1. For probabilistic mixture modeling, there is no standard
minimum number of trials that ensures reliable par-
ameter estimates. While we utilized DE-MCMC algor-
ithms to boost fitting performance, we also set a
minimum number of 72 trials per validity-similarity con-
dition in order for a participant’s data to be included. Par-
ticipants who completed too few trials within the fixed
time limit (60 minutes) were excluded from analysis
(see Supplemental Table S1).
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