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Abstract

A prevalent view of visual working memory (VWM) is that visual information is actively maintained in the form of
perceptually integrated objects. Such reliance on object-based representations would predict that after an object is fully
encoded into VWM, all features of that object would need to be maintained as a coherent unit. Here, we evaluated this
idea by testing whether memory resources can be redeployed to a specific feature of an object already stored in VWM.
We found that observers can utilize a retrospective cue presented during the maintenance period to attenuate both
the gradual deterioration and complete loss of memory for a cued feature over time, but at the cost of accelerated loss
of information regarding the uncued feature. Our findings demonstrate that object representations held within VWM
can be decomposed into individual features and that having to retain additional features imposes greater demands on

active maintenance processes.
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Most objects that people encounter in everyday life pos-
sess numerous visual attributes, such as color, shape,
texture, and location. These elementary visual attributes
are integrated by the visual system, giving rise to the
conscious percept of a coherent object (Treisman, 1996).
There is broad agreement that perceptual objects play
a special role in visual cognition. Multiple visual features
can be perceived without mutual interference when they
are conjoined into a single object (Blaser, Pylyshyn, &
Holcombe, 2000; Duncan, 1984). Moreover, attending
to one feature of an object can automatically enhance
the processing of the other features of the same object
(O’Craven, Downing, & Kanwisher, 1999). It is widely
believed that perceptual objects also constitute the fun-
damental format for representing visual information in
visual working memory (VWM; Irwin & Andrews, 1996;
Luck & Vogel, 1997).

The object-based nature of VWM representations is
supported by the finding that the capacity of VWM
appears limited by the number of objects and not the

number of features. In a seminal study, Luck and Vogel
(1997) found that change-detection performance system-
atically declined as the number of to-be-remembered
objects increased beyond four items, but the number of
task-relevant features present in each object had no det-
rimental cost. For example, four objects defined by color
and orientation (i.e., eight features total) could be remem-
bered just as accurately as four objects defined by either
feature alone. These findings led to the integrated-object
bypothesis, which posits that VWM consists of a small,
fixed number of slots, each of which can effectively store
all of the features of an object in an integrated format
(Luck & Vogel, 1997). Although it has been debated
whether the storage of multifeature objects is entirely
cost free (e.g., Cowan, Blume, & Saults, 2013; Fougnie,
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Asplund, & Marois, 2010; Oberauer & Eichenberger,
2013), it is generally agreed that multiple independent
features are stored much more efficiently when they form
a unitary object (Delvenne & Bruyer, 2004; Olson & Jiang,
2002; Wheeler & Treisman, 2002; Xu, 2002).

Even if VWM can efficiently store multiple features
of an object, the initial encoding process can be biased
by feature-selective attention. Focusing attention on a
single, task-relevant feature dimension can speed its
rate of encoding (Woodman & Vogel, 2008) and enhance
the representational precision of that feature in VWM
(Fougnie et al., 2010). These findings indicate that the
features of an object can be unbound and separately
processed at the initial encoding stage of VWM, allow-
ing for the prioritization of task-relevant information.
However, it is unknown whether the features of an
already encoded object can be readily unbound during
the maintenance stage of VWM.

Our study had two goals. First, we wanted to test a
strong prediction of the integrated-object hypothesis,
namely that all features of an encoded object are obliga-
torily bound together in VWM. Specifically, we wanted
to determine whether it is possible to reprioritize a
specific feature of an object after all features of that
object have been encoded in VWM. We relied on ret-
rospective cuing (see Souza & Oberauer, 2016, for a
review) of a task-relevant feature dimension, such that
all features of the object had to be initially encoded
with equal priority. Retrospective prioritization of a fea-
ture should be possible if VWM representations of
objects can be decomposed into their component fea-
tures, but not if those features are obligatorily main-
tained as an integrated unit.

Should retrospective cuing reveal a feature-selective
benefit, our second goal was to determine the source of
this benefit. If all of the available information about the
object consists of what is currently maintained in VWM,
then focusing greater resources on a particular feature
of a maintained object could not possibly lead to an
improvement in that feature representation, beyond its
current state. However, if information in VWM tends to
suffer from deterioration or probabilistic forgetting over
time, a shift of attentional resources to a particular fea-
ture could serve to attenuate the rate of information loss,
which would lead to a cuing benefit following a delay.
Recent studies suggest that information in VWM can be
lost within a few seconds, especially when multiple
objects have to be maintained (Zhang & Luck, 2009),
and that information loss can be attenuated for a retro-
spectively cued object (Pertzov, Bays, Joseph, & Husain,
2013; Williams, Hong, Kang, Carlisle, & Woodman, 2013).
In the present study, we evaluated the temporal stability
of VWM for objects defined by color and orientation,

retrospectively cuing either feature dimension after these
objects were encoded into VWM. A particular feature of
an object was tested afterward using a continuous report
paradigm (Wilken & Ma, 2004) to separately estimate the
number of successfully maintained features and the pre-
cision of these representations (Zhang & Luck, 2008).
We show that retrospective cues lead to superior mem-
ory precision and decreased likelihood of forgetting for
validly cued features (Experiments 1 and 2), because
such reprioritization can effectively attenuate the rate of
information loss in VWM (Experiment 3).

Experiment 1

Valid, neutral, and invalid retrospective cues (retro-
cues) were tested in Experiment 1 to assess the benefits
and costs of prioritizing a particular feature of an
encoded object. On each trial, two objects defined by
color and orientation were briefly presented, followed
by a patterned mask and then a retro-cue indicating
which feature dimension would likely be tested (see
Fig. 1). To examine how the retro-cue might influence
the rate of information loss over time, we also manipu-
lated the delay duration between the retro-cue and the
subsequent probe.

Method

Participants. Twenty volunteers (5 male, 15 female; age:
18-33 years) with normal color vision and visual acuity
completed the experiment for course credit or monetary
compensation. The sample size was determined on the
basis of the data from a pilot study (V = 16), which tested
VWM at a delay of 2 s following the retro-cue onset. We
examined effect sizes of cuing on memory precision and
retention rates. Using paired-samples ¢ tests with a two-
tailed alpha of .05, we estimated that detection of cuing
benefits on memory precision and retention rates (Cohen’s
ds = 1.00 and 0.83) would require sample sizes of 11 and
14, respectively, to achieve 80% power, while detection of
a cuing cost on retention rates (Cohen’s d = 0.45) would
require a sample size of 40. We decided that an intermedi-
ate sample size of 20 would be sufficient to detect both
cuing benefits and costs in Experiment 1, on the basis of
the hypothesis that a longer delay of 4 s should lead to a
greater loss for deprioritized features, thereby producing
stronger cuing costs. One participant performed extremely
poorly on the catch trials (see the Procedure for more
details), which indicated an inability to perform the task or
a lack of compliance, and was excluded from further analy-
sis. The final data set consisted of 19 participants. The study
was conducted according to procedures approved by the
Vanderbilt University Institutional Review Board.
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Fig. 1. Example displays and trial sequences from Experiments 1 through 3. In all experiments, participants saw a sample
array containing two gratings (a) and were asked to attend to both the color and orientation of the gratings. After the presen-
tation of a patterned mask, participants saw either an informative feature cue (“C” for color, “O” for orientation) indicating
which feature dimension was most likely to be probed or a neutral cue (“E”) indicating that either color or orientation would
be tested with equal likelihood. The feature cues were 80% valid in Experiment 1 and 100% valid in Experiments 2 and 3.
The diagram in (b) shows the sequence of events for cue trials (top) and for no-delay trials (bottom) in Experiment 1. On cue
trials, one of the three cues (“C,” “O,” or “E”) appeared after the mask array. To evaluate whether the retro-cue influenced the
rate of information loss over time, we manipulated the stimulus-onset asynchrony (SOA) between retro-cue and probe. On
no-delay baseline trials (7.0% of all trials), the color or orientation probe appeared 500 ms after the mask array. The diagram
in (¢) shows the sequence of trial events in Experiment 3, in which we evaluated the effects of valid and neutral cues using

a wider range of delay durations.

Apparatus. The experiment was conducted using MAT-
LAB 7.5 (The MathWorks, Natick, MA) and the Psycho-
physics Toolbox extensions (Brainard, 1997). Stimuli were
presented on a 20-in. CRT monitor (1,152 x 870 resolution,
75 Hz refresh rate) at a viewing distance of 57 cm. Partici-
pants’ heads were stabilized by a chin rest. The monitor

was carefully calibrated for precise color and luminance
presentation. The calibration data included the spectral
distribution of all red, green, and blue phosphors at
maximum intensity (measured with a USB4000 spectrom-
eter; Ocean Optics, Winter Park, FL), as well as calibra-
tion of the gamma function of each channel (measured
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with a Minolta LS-110 luminance meter). We used a com-
mercially available control knob (PowerMate USB multime-
dia controller, Griffin Technology, Nashville, TN) to allow
participants to continuously adjust the feature values.

Stimuli. Sample arrays consisted of two sine-wave grat-
ings (2.4° diameter, spatial frequency = 1.67 cycles per
degree) that varied randomly in color and orientation. Col-
ored gratings appeared within a circular two-dimensional
Gaussian envelope (o = 1.2°) at randomly determined loca-
tions 3.6° from a central fixation point, with a minimum of
0.6° separation. Stimulus colors were defined in terms of
Commission Internationale de I'Eclairage (CIE) L*a*b* coor-
dinates, which were converted to device-dependent RGB
values through a color-luminance calibration procedure.
Gratings were generated using 360 colors that were evenly
spaced on a circle in CIE L*a*b* color space (centered at
[*=67, a* =0, b* = 0, with a radius of 50) and 180 evenly
spaced orientations (0-180°).

Colored gratings were generated as follows. First, a
sine-wave grating pattern was defined in terms of L*
(lightness), which fluctuated between 13.2 and 67 units.
Each of the 360 colors was then applied to this template
pattern. On each colored grating, saturation was lin-
early adjusted according to L*, such that the brightest
parts of the grating (Z* = 67) contained the most vivid
color (radius = 50), while the darkest parts (L* = 13.2)
contained achromatic dark gray (radius = 0). Finally,
these gratings were rotated to varying degrees to pro-
duce stimuli that varied in both color and orientation.
Gratings were presented on a dark gray background
(L* = 13.2, a* = 0, b* = 0), which matched the darkest,
achromatic portions of the gratings.

Each patterned mask consisted of 40 small colored
squares (0.24° x 0.24°) scattered across a circular field
that matched the size of one of the gratings in the sample
array. The colors and positions of the squares were ran-
domly generated to make new masks on every trial.

Procedure. There were three different classes of trials:
cue trials, no-delay trials, and catch trials. Cue trials con-
tained three cue types—valid, neutral, or invalid—with
cue-to-probe stimulus-onset asynchronies (SOAs) of
either 2 or 4 s. The sequence of events for cue and no-
delay trials is shown in Figure 1b. Each trial began with
the appearance of a small central fixation point (0.24° x
0.24°) for 500 ms; participants were asked to maintain
fixation until the response probe appeared. A sample
array consisting of two colored gratings was presented
for 700 ms. Color and orientation values were pseudoran-
domly selected on each trial, independently for each
grating. To ensure that feature values were evenly distrib-
uted across the respective feature space, we divided each
feature space into 10 evenly spaced bins and randomly

sampled within each bin to ensure a balanced number of
features from each bin across conditions. After a 200-ms
delay, a patterned mask was presented for 100 ms to
minimize the possibility of relying on high-capacity sen-
sory storage (Phillips, 1974).

On cue trials, a retro-cue appeared in the center of
the screen 500 ms after mask offset. This cue consisted
of a black letter inside a white circle indicating with 80%
validity that color (“C”) or orientation (“O”) would be
tested or, in the case of a neutral cue (“E”), that either
feature would be tested with equal likelihood. Partici-
pants were informed of these probabilities in advance
and were encouraged to use the predictive cues to per-
form the task as well as possible. The cue remained on
the screen for 1 s, followed by an additional blank inter-
val (retention period) of 1 or 3 s, which resulted in a
cue-to-probe SOA of 2 or 4 s.

The probe display consisted of an outline of a circle
indicating the location of the to-be-reported object (500
ms), followed by either a color wheel or an achromatic
gray wheel (radius = 7.2°, width = 0.48°) indicating
which feature of that object should be reported. The
feature values associated with the orientation/color
wheel were randomly rotated on every trial, and the
starting marker position was also randomized to avoid
possible bias. Participants rotated a response knob to
move the marker to the appropriate position on the
response wheel, which instantaneously updated the
color or orientation of a probe stimulus shown at fixa-
tion. Participants were asked to replicate the remem-
bered feature value as accurately as possible and
subsequently received visual and auditory feedback on
every trial during a 1-s intertrial interval.

Visual feedback consisted of a test stimulus (a color
patch or monochromatic grating) showing the true fea-
ture value, along with a normalized accuracy score
(0-100). The accuracy score was calculated as 100%
minus the percentage of the absolute error magnitude,
relative to the maximum possible error for a given fea-
ture space (180° for color, 90° for orientation). Auditory
feedback depended on the accuracy score: a pleasant
rising tone (= 90%), a cash register sound (50-89.99%),
or a low-pitched beep (< 50%). For accuracy scores
above 90%, participants received 100 bonus points. At
the end of each experimental block, the average accu-
racy and earned bonus points for the block were dis-
played. Participants generally reported that they found
the feedback to be motivating and engaging.

No-delay trials were identical to cue trials, except that
the mask array was followed directly by the probe rather
than a retro-cue (Fig. 1b). The purpose of this condition
was to provide a baseline measure of the amount of
information accessible at the time of cue onset, before
any modulation by the retro-cue could occur. Similar to
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the neutral-cue condition, the no-delay condition mea-
sured VWM performance after working memory
resources had been spread across both feature dimen-
sions, but at a shorter delay. The interstimulus interval
between mask and probe was 0.5 s for no-delay trials
and either 2.5 or 4.5 s for cue trials.

Given that the informative feature cue (“C” or “O”)
was invalid on 20% of the trials, we were concerned
that participants might simply ignore the cues. To
incentivize participants to actively attend to the cue
meaning, we included a small number of intermixed
catch trials (24 of 284 trials per session) that required
reporting which cue was presented (“C,” “O,” or “E”)
instead of responding to a probe display. After remov-
ing the outlier participant (accuracy = 63.2%; > 2.5 SD
below the group mean), we found that the mean catch-
trial accuracy (n = 19) was 88.6% (SD = 6.9%), which
indicates reliable processing of the retro-cue.

Each session consisted of 284 trials divided into 10
blocks of 28 or 29 trials each. A short break was pro-
vided between blocks. Each participant completed six
1-hr sessions for a total of 1,704 trials. This resulted in
240 valid-, 60 invalid-, and 60 neutral-cue trials for each
feature dimension (color and orientation) and each cue-
to-probe SOA condition (2 and 4 s), yielding a total of
1,440 cue trials (84.5% of all trials). We also obtained
120 no-delay trials (7.0%), as well as 144 catch trials
(72 trials per SOA condition; 8.5%). All trial types were
randomly intermixed within a session.

Data analysis. We analyzed the orientation and color-
report data using a mixture-model analysis (Zhang &
Luck, 2008). The model is based on the assumption that
the distribution of response errors should reflect a mix-
ture of two components: a von Mises distribution (the
circular analogue of the Gaussian distribution) centered
on the true feature value for trials in which the probed
feature was successfully held in memory and a uniform
distribution for trials in which the probed feature was
unavailable for report and a random guess was made.
The model has two parameters: standard deviation (SD)
and pp e The spread of the von Mises distribution is
determined by the SD parameter, which is inversely pro-
portional to the precision of the stored representation.
The proportional area of the uniform component is
determined by ppue Which represents the probability
that the probed feature was lost from memory.

The mixture model was fitted separately to each
feature, cue type, and SOA condition for each partici-
pant, using maximum-likelihood estimation. A repre-
sentative participant’s response-error histograms and
best-fitting mixture distributions are presented in Figure
S1 in the Supplemental Material available online. Figure
S2 in the Supplemental Material shows the response-
error histograms pooled across all participants. For

mixture-model fitting, the color and orientation data
were converted from their original feature space (0-
360° and 0-180°, respectively) to a circular space that
ranged from O to 2n radians. This entailed doubling the
orientation values (0-180°) to span the full circular
space (0-2n radians). This facilitated direct comparison
of memory precision across features, regardless of those
features’ original spaces. To rule out the possibility that
any systematic effect of cue type might be due to the
unequal number of trials across the conditions (i.e., 240
valid-cue trials, 60 invalid-cue trials, and 60 neutral-cue
trials), we randomly resampled 60 valid-cue trials (with
replacement) 2,000 times, fitting the mixture model to
each resampled data set. The fitted SD and py,;,,. param-
eters for the 2,000 samples were then averaged, and
subsequent analyses were conducted using the aver-
aged bootstrapped estimates. Moreover, there was no
qualitative difference in the pattern of results when the
mixture model was fitted to the original 240 trials in
valid cue conditions without bootstrapping.

To evaluate the general effects of cuing benefits and
costs, we pooled SD and py,; ... €stimates across color
and orientation. Any differences between color and
orientation in terms of the overall memory precision
and failure rate, or the effects of cuing and delay dura-
tion, will be noted where appropriate.

Results

The precision of working memory was generally better
for validly cued features than for features reported fol-
lowing a neutral or invalid cue (Fig. 2, top row), as
indicated by estimates of SD for delays of 2 and 4 s. We
performed a repeated measures analysis of variance
(ANOVA) with cue type (valid, invalid, vs. neutral),
reported feature (color vs. orientation), and SOA (2 s
vs. 4 s) as within-subjects factors. We observed a gen-
eral precision advantage for color over orientation
when considered in radian units in the full circular
space (0 to 2m), M(1, 18) = 105.66, p < .001, n,* = .85.
More importantly, we observed a significant main effect
of cue type on memory precision, F(2, 36) = 15.75, p <
.001, npz = .47, with no evidence of an interaction
between cue type and feature, F(2, 36) = 1.21, p > .250,
npz = .06. Thus, the retro-cue had a similar influence
on the precision of working memory for both color and
orientation, and the average plots illustrate these gen-
eral effects of cuing.

A separate analysis of the averaged SD data indicated
a significant precision advantage for validly cued features
relative to neutrally cued features, F(1, 18) = 27.78, p <
.001, npz = .01, as well as a significant effect of SOA, F(1,
18) = 9.38, p = .007, npz = .34. Whereas memory preci-
sion for the validly cued features did not significantly
change between 2 and 4 s, #(18) = 1.80, p = .088, Cohen’s
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Fig. 2. Mixture-model estimates of standard deviation (SD; top row) and probability of memory failure (py,;,..; bottom row) for Experi-
ment 1 (n = 19), separately for color, orientation, and average performance across both features. Results for each model are shown
as a function of cue-to-probe stimulus onset asynchrony (SOA) and cue type. For both SD and pg, ... higher values on the left y-axes
represent poorer working memory performance. The SD values for color and orientation were plotted on the same scale after conver-
sion to a common circular space (0-2n radians); the corresponding degree values for each feature are shown on the right y-axes. The
open circles plotted at 0-s SOA show the results from no-delay trials, when there was no retrospective cue (retro-cue). The color-coded
asterisks denote significant differences between the no-delay baseline condition and individual retro-cue conditions (*p < .05, **p < .01,
based on two-tailed paired-samples ¢ tests). Error bars represent 1 SEM.

d = 0.41, a significant deterioration occurred during this
interval for the neutrally cued features, #(18) = 2.73, p =
.014, Cohen’s d = 0.63. However, the interaction between
cue type (valid vs. neutral) and SOA on SD did not reach
significance, F(1, 18) = 4.01, p = .001, npz =.18; we will
revisit this issue in Experiment 3.

We also observed a significant cost in memory preci-
sion following invalid as compared with neutral retro-
cues at 2 s, #(18) = 3.34, p = .004, Cohen’s d = 0.77,
though not at 4 s, #(18) = 0.75, p > .250. A significant
interaction between invalid and neutral cue type and
SOA on SD, F(1, 18) = 9.79, p = .006, npz = .35, indicated
that invalidly cued features underwent greater deterio-
ration than neutrally cued features within 2 s after the
cue, without a further loss of precision between 2 and
4s,1(18) = 1.68, p = .111.

The probability of memory failure was also strongly
influenced by the retro-cue (Fig. 2, bottom row), with
lower rates of failure on valid trials than neutral trials
and a prominent trend of greater failure on invalid trials

when participants were tested after a prolonged reten-
tion period of 4 s. This trend was supported by the
ANOVA on memory-failure rates, which indicated a
significant effect of cue type, F(2, 36) = 11.79, p < .001,
npz = .40, and a significant interaction between SOA
and cue type, F(2, 36) = 9.89, p < .001, n,* = .35. Analy-
ses of the average ppu... data (Fig. 2, bottom right)
indicated a statistically significant benefit of cuing (valid
vs. neutral), F(1, 18) = 5.05, p = .037, npz = .22, as well
as a significant effect of cost (invalid vs. neutral), F(1,
18) = 7.57, p = .013, > = .30, in memory-failure rate.
Importantly, the magnitude of the cuing cost in pg e
interacted with the delay interval, F(1, 18) = 11.19, p =
.004, npz = .38, which was driven by the increased rate
of memory failure between 2 and 4 s following the
invalid cue, #18) = 4.07, p < .001, Cohen’s d = 0.93.
This suggests that when participants receive a cue indi-
cating that a specific feature of an object is more rel-
evant to the task, the less relevant feature is more likely
to be lost from working memory, though loss does not
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take place immediately. In contrast, memory-failure
rates for validly and neutrally cued features did not
significantly change between 2 and 4 s, ts(18) < 0.45,
ps > .250, which indicates quite stable maintenance of
prioritized features.

We examined how working memory performance was
affect by the retro-cue, relative to when a probe unex-
pectedly appeared at the usual time of the cue (i.e., on
no-delay trials). Somewhat to our surprise, performance
appeared worse in the no-delay baseline condition than
on valid trials following a delay of 2 or 4 s, particularly
for color working memory. Compared with no-delay tri-
als, memory precision on cue trials was significantly bet-
ter for validly cued colors at both 2 s, #(18) = 2.71, p =
.014, Cohen’s d = 0.62, and 4 s, #(18) = 2.33, p = .031,
Cohen’s d = 0.54, and memory failure was also reduced
for validly cued colors at 2 s, #(18) = 2.06, p = 0.054,
Cohen’s d = 0.47, and at 4 s, (18) = 2.40, p = 0.027,
Cohen’s d = 0.55. Improved performance following a
retro-cue has sometimes been attributed to the existence
of a fragile visual short-term memory (Sligte, Scholte, &
Lamme, 2008) or to the protection of the cued items from
potentially distracting effects that might occur with pre-
sentation of the test display (Makovski, Sussman, & Jiang,
2008; Souza, Rerko, & Oberauer, 2016). We hypothesized
that the unexpected appearance of the probe display on
infrequent no-delay trials likely had a disruptive effect
on memory performance. To better evaluate the impact
of retro-cues on the time course of memory representa-
tions, we controlled for this factor in Experiment 2.

In summary, we found that prioritizing a particular
feature of an already encoded object led to enhanced
working memory performance of that feature, both in
terms of representational precision and probability of
successful retention, which indicates that objects in work-
ing memory can be deconstructed into their component
features. However, this prioritization benefit was associ-
ated with increased rates of memory failure for the depri-
oritized feature, which suggests some form of resource
sharing among the multiple features of an object.

Experiment 2

How might retrospective cuing of a feature lead to
superior memory performance, in some cases exceed-
ing the performance observed in the no-delay control
condition? One possibility is that retro-cues can some-
how allow for the recovery of additional feature infor-
mation over the delay period (cf. Souza et al., 2016).
Alternatively, the retro-cue might simply protect the
cued feature from deteriorating over time. According
to this latter account, VWM performance was dispro-
portionately impaired on no-delay trials in Experiment
1 because of their unexpected nature. To avoid such

costs, we now presented no-delay trials in a separate
block. We also excluded the invalid-cue condition to
focus on the mechanisms underlying the benefits of
reprioritization.

Method

Participants. Seventeen volunteers (3 male, 14 female;
age: 19-28 years) with normal color vision and visual
acuity completed the experiment for course credit or
monetary compensation. One participant was excluded
for having unusually large error magnitudes in feature
reports > 2.5 SD from the group mean), which resulted
in a final data set of 16 participants. The sample size of
16 was deemed sufficient to detect the effects of cuing
and delay duration, on the basis of the results of Experi-
ment 1. The study was conducted according to proce-
dures approved by the Vanderbilt University Institutional
Review Board.

Apparatus and stimuli. The apparatus and stimuli
were identical to those in Experiment 1, with the following
minor modifications. The CIE L*@*b* coordinates of the
stimuli were changed by centering the color ring at * = 72,
a* =0, b* = 0, with a radius of 40, and by varying L*
between 30.8 and 72 units. As a result, the color saturation
was reduced from 50 to 40 units, and luminance contrast
was reduced from 67% to 40%. These changes were
intended to promote the encoding of metrically precise
color information. Also, the radius of the color and gray
wheels of the probe display was changed from 7.2° to 6°.

Procedure. The design was identical to that used in
Experiment 1, except for the following changes. No-delay
trials and retro-cue trials were presented in separate
blocks, and only valid- and neutral-cue conditions were
tested. Catch trials were no longer included because the
feature cues were now 100% predictive of the to-be-
probed feature. In Experiment 2, we also introduced an
articulatory-suppression procedure to discourage verbal
strategies that might be used to help remember the colors
of the gratings.

At the beginning of each trial, three randomly chosen
digits (colored white and subtending 2.2° x 0.9°) were
presented at fixation for 1 s, and participants were
asked to repeat them aloud until the end of the trial.
After a 1-s fixation interval, the sample array for the
VWM task appeared for 700 ms. The VWM component
of the trial was the same as in Experiment 1, except
that the retro-cue remained on the screen until the
probe appeared with a 2- or 4-s SOA. After the feature
report was complete, there was a 16.7% chance that
participants would be prompted to report the three
digits by typing them on the screen.
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Fig. 3. Mixture-model estimates of standard deviation (SD; top row) and probability of memory failure (pg,..; bottom row) in Experi-
ment 2 (n = 16), separately for color, orientation, and average performance across both features. Results for each model are shown
as a function of cue-to-probe stimulus onset asynchrony (SOA) and cue type. For both SD and py, ... higher values on the left y-axes
represent poorer working memory performance. The SD values for color and orientation were plotted on the same scale after conver-
sion to a common circular space (0-2n radians); the corresponding degree values for each feature are shown on the right y-axes. The
open circles plotted at 0-s SOA show the results from no-delay trials, when there was no retrospective cue (retro-cue). The color-coded
asterisks denote significant differences between the no-delay baseline condition and individual retro-cue conditions (*p < .05, **p <
.01, **p < .001, based on two-tailed paired-samples ¢ tests). Error bars represent +1 SEM.

Each session consisted of 240 trials divided into 10
blocks of 24 trials each. Two blocks consisted of the
no-delay condition, and the remaining eight blocks
involved the retro-cue condition, in which valid- and
neutral-cue trials were randomly intermixed. Each no-
delay block was interleaved with four retro-cue blocks,
with the position of the first no-delay block counterbal-
anced across sessions and participants. Each participant
completed a total of 960 trials distributed across four
1-hr sessions. These included 96 trials for each combi-
nation of feature dimension (color and orientation), cue
type (valid and neutral), and cue-to-probe SOA (2 and
4 s). The no-delay condition also had 96 trials for each
feature dimension. We also obtained digit reports from
each participant on 160 trials.

Results

Mean accuracy on the digit task was 95.1% (SD = 4.7%).
The nearly perfect performance in this task indicates
that participants rehearsed the digits reliably over the

period of the retention interval. Response-error histo-
grams and best-fitting mixture distributions for Experi-
ment 2 are presented in Figures S3 and S4 in the
Supplemental Material.

The results of Experiment 2 revealed significantly
better memory precision and retention rates on valid
trials than on neutral trials. Estimates of SD were sig-
nificantly lower for features that could be reprioritized
on the basis of a valid cue (Fig. 3, top row), F(1, 15) =
11.95, p = .004, n,* = .44. Validly cued features were
also less likely to be lost from memory (Fig. 3, bottom
row), as shown by a significant main effect of cue type
on Priwe F(1, 15) = 43.91, p < .001, 1,2 = .75. While
the cuing benefit in p,;,.. tended to be greater in mag-
nitude for color than for orientation, as indicated by a
significant interaction effect between cue type and
feature on py,y,.., F(1, 15) = 4.68, p = .047, n,* = .24,
this cuing effect was pronounced for both features,
with memory-failure rates for neutrally cued features
more than twice as high as those for validly cued
features.



Feature Reprioritization in Visual Working Memory

1781

We observed a significant overall decline in memory
precision between 2 and 4 s following the cue, F(1, 15) =
5.92, p = .028, n,* = .28, but this effect of SOA on SD
did not significantly interact with cue type, F(1, 15) =
1.66, p = .217, T]pz =.10. However, planned comparisons
across SOAs applied separately to each cue type
revealed a statistically significant loss of memory preci-
sion for neutrally cued features, #(15) = 2.14, p = .049,
Cohen’s d = 0.54, and a nonsignificant effect for validly
cued features, #(15) = 1.51, p = .151, Cohen’s d = 0.38,
which suggests that the rate of precision loss during
this interval may be relatively attenuated for validly
cued features. With respect to py e We found no sig-
nificant change between 2 and 4 s following either type
of cue, as indicated by the lack of a main effect of SOA,
A1, 15) = 1.29, p > 250, > = .08, and the lack of an
interaction effect between SOA and cue type, K1, 15) =
225, p =154, = 13,

As can be seen in Figure 3, memory performance for
validly cued features appeared very comparable with
performance on no-delay trials, while performance
became considerably worse when tested 2 or 4 s fol-
lowing a neutral cue. Planned comparisons with the
no-delay condition revealed that memory precision was
significantly worse for both color and orientation fol-
lowing a neutral cue after a 4-s delay—color: #(15) =
3.01, p = .009, Cohen’s d = 0.75; orientation: #(15) =
2.37, p=.032, Cohen’s d = 0.59. In contrast, we did not
find any significant changes in memory precision for
validly cued features with respect to the no-delay base-
line, #s(15) < 1.59, ps > .133. These results are generally
consistent with the hypothesis that prioritization of a
feature in VWM may confer some protection from preci-
sion loss over time.

Memory-failure rates were also significantly elevated
relative to the no-delay condition following the neutral
cue, as early as 2 s for color, #(15) = 4.14, p < .001,
Cohen’s d = 1.03, and 4 s for orientation, #(15) = 3.00,
p=.009, Cohen’s d = 0.75. By contrast, pg,.. for validly
cued features did not significantly differ from py ;e
rates in the no-delay condition at either delay interval,
1s(15) < 0.72, ps > .488.

Thus, when participants had to maintain both the
color and orientation of an object with equal priority,
we observed a gradual deterioration of precision for
the maintained features over delays of 2 and 4 s, as well
as an overall increase in the likelihood of memory
failure relative to the no-delay condition. In compari-
son, prioritization of a single feature led to better over-
all memory performance at these delay periods, which
resulted in memory precision and retention rates indis-
tinguishable from those in the no-delay condition.
Importantly, we did not find any evidence of recovery
of feature information following the retro-cue when

appropriate measures were taken to avoid the poten-
tially disruptive effects of presenting an unexpected
test display.

Although these results are broadly consistent with
the notion that valid retro-cues can attenuate the rate
of information loss over time, a limitation of our find-
ings was that the interaction effect between delay dura-
tion and cue type did not reach statistical significance.
We hypothesized that Experiments 1 and 2 may have
lacked sufficient power to detect the interaction effect,
because of a combination of the small magnitude of the
effect itself and variance resulting from the parameter-
estimation process (see the Supplemental Material). In
Experiment 3, we sought to provide conclusive evidence
regarding the interaction between delay and cue type
by addressing this issue of statistical power.

Experiment 3

In Experiment 3, we used cue-to-probe SOAs of 1 and
5 s (see Fig. 1c) because we reasoned that increasing
the difference between delay durations should magnify
any temporal interactions with retrospective cuing. To
improve the reliability of parameter estimation, we
increased the number of trials per condition from 96 to
150. In addition, we sought to rule out the possibility
that participants might rely on an unnatural strategy of
encoding the color and orientation of each stimulus as
two separate unbound features. To limit such strategies,
we presented the sample array for only 150 ms, com-
parable with the duration used in many VWM studies.

Method

Participants. Twenty-four volunteers (9 male, 15 female;
age: 19-33 years) with normal color vision and visual acu-
ity completed this five-session experiment for course
credit or monetary compensation. Two participants were
replaced after completing only two or three sessions
because they did not meet the criterion that average accu-
racy should be at least 75% for both features (see the
Procedure from Experiment 1).

Sample size was determined on the basis of a power
analysis, using the data from Experiment 2 and simula-
tions to examine the effect of number of trials on the
stability of parameter estimates (see the Supplemental
Material). The test for the interaction effect in a 2 x 2
repeated measures design was conceptualized as a one-
sample ¢ test against zero for the mean interaction score
Xy, - X}, - X5, + X,,). Effect sizes (Cohen’s ds) for the
original D and py;,.. data were 0.32 and 0.38, respec-
tively. By extrapolating the data points linearly over
time and accounting for reduced estimation noise by
increasing the number of trials per condition, we
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ment 3 (n = 24), separately for color, orientation, and average performance across both features. Results for each model are shown
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version to a common circular space (0-2n radians); the corresponding degree values for each feature are shown on the right y-axes.

Error bars represent =1 SEM.

predicted the effect size for the new experimental
design to be 0.63 for SD and 0.74 for pp ... With a
two-tailed alpha of .05, the required sample sizes for
80%, 85%, and 90% power were 22, 25, and 29 for SD
and 17, 19, and 22 for pg, ... We decided that a sample
size of 24 would provide adequate power to detect the
interaction effects in both parameters.

Apparatus, stimuli, and procedure. The apparatus,
stimuli, and procedure were identical to those in Experi-
ment 2, with the following exceptions. For the articulatory-
suppression task, three random digits were presented just
above the fixation point for 1 s, followed by a 1-s fixation
period. The timing of the subsequent events is depicted
in Figure 1c. The sample array was presented for 150 ms,
followed by the patterned mask and the retro-cue (“C)”
“O,” or “E”). The probe display appeared with a cue-to-
probe SOA of 1 or 5 s. After completing the feature report,
participants were asked to report the digits on randomly
selected trials (16.7%). The no-delay baseline condition
was omitted from Experiment 3.

Each participant completed five 1-hr sessions, each
consisting of 240 trials divided into 10 blocks. Each
participant completed a total of 1,200 cue trials, which
resulted in 150 trials for each combination of probed
feature (color and orientation), cue type (valid and
neutral), and cue-to-probe SOA (1 and 5 s), as well as
200 trials of digit reports.

Results

Mean accuracy on the verbal task was 98.2% (SD =
1.6%), which indicates reliable verbal rehearsal and
reporting of the digits. Response-error histograms and
best-fitting mixture distributions for Experiment 3 are
presented in Figures S5 and S6 in the Supplemental
Material. As shown in Figure 4, the mixture-modeling
results revealed a robust benefit of valid retro-cues on
memory precision, F(1, 23) = 36.53, p < .001, n,* = .61,
and retention rate, F(1, 23) = 31.07, p < .001, n,* = .57.
Also, we observed significant declines in memory preci-
sion and retention rate between trials with 1-s and 5-s
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delays—SD: F(1, 23) = 31.35, p < .001, n,* = .58; Ppijure
F(1,23) =527, p=.031,1,” = .19. Critically, information
loss during this interval was significantly reduced for
valid trials compared with neutral trials, as demon-
strated by significant interactions between SOA and cue
type for estimates of memory—SD: F(1, 23) = 7.79, p =
010, n,* = .25; prye: F(1, 23) = 5.35, p = .030, n,* =
.19. These interaction effects did not significantly differ
between color and orientation, Fs(1, 23) < 0.84, ps >
.250. Separate analyses of delay effects for each cue
type indicated that memories for neutrally cued features
underwent both the precision loss, #23) = 5.59, p <
.001, Cohen’s d = 1.14, and increased likelihood of
complete termination, #(23) = 2.59, p = .016, Cohen’s
d = 0.53, between 1 and 5 s following the cue. While
memories for validly cued features became significantly
less precise during this interval, #(23) = 3.01, p = .000,
Cohen’s d = 0.61, there was no detectable increase in
complete forgetting for these features, #23) = 0.79, p >
.250.

In summary, by using a wider range of delay dura-
tions, we found robust statistical evidence that retro-
spective cuing of a single feature dimension attenuates
the loss of information from working memory over
time. The cuing effects from the previous experiments
were replicated, even with the brief presentation of the
sample displays. These results strengthen the notion
that features of an object may appear integrated during
perception, but they are not obligatorily maintained as
a bound unit in working memory.

Discussion

We found that multifeature objects in VWM underwent
precision deterioration as well as complete termination
within a few seconds after initial encoding. When par-
ticipants had the opportunity to prioritize a specific
feature of a stored object during the delay period, infor-
mation loss was effectively minimized for that feature,
which led to benefits in terms of both memory preci-
sion and retention rate. These benefits, however, were
accompanied by an accelerated loss of information
regarding the deprioritized feature. Thus, the rate of
information loss from VWM was flexibly modulated by
which feature of an object was prioritized during
maintenance.

We propose that an active maintenance process, in
the form of attention-based refreshing of memory traces
(Awh & Jonides, 2001; Barrouillet & Camos, 2012), sup-
ports information persistence in VWM and that this
process must be shared among multiple task-relevant
features of an object. By focusing this maintenance
process on a particular feature of a stored object, infor-
mation about that feature can be more effectively

protected against deterioration and forgetting over time.
Information could be lost from VWM through various
means, including random drifts of memory state result-
ing from intrinsic neural noise (Burak & Fiete, 2012,
Compte, Brunel, Goldman-Rakic, & Wang, 2000), tem-
poral decay (Barrouillet & Camos, 2012; Ricker, Spiegel,
& Cowan, 2014), and interference among memory
traces (Lewandowsky, Oberauer, & Brown, 2009; Souza
& Oberauer, 2015). These potential sources of loss are
not necessarily mutually exclusive. Whatever the pre-
cise sources of information loss might be, our results
show that information held in VWM becomes more
resistant to such influences when it is selectively pri-
oritized by the top-down goals of the participant.

The processes underlying active maintenance of
information over time can be conceptually distinguished
from those that mediate the initial encoding of informa-
tion into VWM. VWM encoding is limited by its storage
capacity, which is typically construed as a fixed number
of discrete memory slots or a continuous pool of
resources (Luck & Vogel, 2013; Ma, Husain, & Bays,
2014; Pratte, Park, Rademaker, & Tong, 2017). While
storage capacity is thought to determine the maximum
amount of information that can be simultaneously held
in VWM, active maintenance processes can influence
the temporal stability of that information. At the encod-
ing stage, the allocation of greater resources to a par-
ticular feature of an object can increase the amount of
information obtained about that feature (Cowan et al.,
2013; Fougnie et al., 2010; Oberauer & Eichenberger,
2013). However, reallocating resources to specific fea-
tures of an already encoded object, or preferentially
refreshing the memory trace of one feature over the
other, can only modulate the rate at which the previ-
ously encoded information is lost over time.

Our findings demonstrate that multiple features of
an object are not obligatorily maintained as a unitary
representation in VWM. Instead, stored object repre-
sentations can be unbound so that the active mainte-
nance process can be focused on a particular
task-relevant feature. While it is well-established that
attention can enhance perceptual processing and sub-
sequent encoding into VWM by prioritizing a particular
feature of an object being viewed (e.g., Jehee, Brady,
& Tong, 2011; Serences, Ester, Vogel, & Awh, 2009;
Woodman & Vogel, 2008), our findings imply that
feature-based attention can also operate on an object
stored in VWM. When participants focused attention on
a particular feature of the stored object, the attended
feature remained more stable in VWM while the unat-
tended feature was more likely to be forgotten over
time. This is in line with previous work (Ko & Seiffert,
2009) showing that participants can selectively update
one feature of an object in VWM without having to
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refresh its other features. Feature-selective memory fail-
ure has been reported previously under circumstances
in which a large number of multifeature objects had to
be encoded into VWM (Fougnie & Alvarez, 2011; see
also Bays, Wu, & Husain, 2011). Here, we provide novel
evidence that feature information can be lost over time
even after each object in the sample array is fully
attended and consolidated into VWM.

Our results challenge the assumption that visual
objects are obligatorily represented as single integrated
units in VWM and that the maintenance of multiple
object features accrues no added cost. Instead, indi-
vidual features of an object remain separable even after
that object is fully encoded into VWM. The limited-
processing resource for active maintenance must be
shared among multiple task-relevant features of an
object, leading to an accelerated loss of information
about each individual feature over time.

Our findings have broad implications for the fields
of working memory and attention research. Contrary
to the commonly held view that information held in
working memory remains stable over time, our results
show that such information gradually becomes less pre-
cise and may be completely forgotten within a few
seconds. Moreover, information is lost at a faster rate
when one tries to remember more pieces of informa-
tion, even when those bits represent the parts of a
multifeature object. While working memory mainte-
nance is imperfect, one can flexibly refocus attention
in response to changing task demands, such that the
most relevant information can be maintained in a more
stable manner over time.
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