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Selective storage and maintenance
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It has been shown that we have a highly capacity-limited representational space with which to store objects
in visual working memory. However, most objects are composed of multiple feature attributes, and it is un-
known whether observers can voluntarily store a single attribute of an object without necessarily storing all of
its remaining features. In this study, we used a masking paradigm to measure the efficiency of encoding, and
neurophysiological recordings to directly measure visual working memory maintenance while subjects viewed
multifeature objects and were required to remember only a single feature or all of the features of the objects.
We found that measures of both encoding and maintenance varied systematically as a function of which object
features were task relevant. These experiments show that individuals can control which features of an object are

selectively stored in working memory.

Our ability to temporarily maintain information is
limited by the small capacity of approximately three to
four objects of visual working memory (VWM Irwin &
Andrews, 1996; Luck & Vogel, 1997; Vogel, Woodman,
& Luck, 2001). This seemingly unworkable limitation
can be overcome by powerful selection mechanisms that
regulate access to VWM so that only the most relevant
objects consume its capacity (Chun & Potter, 1995; Potter,
1976; Schmidt, Vogel, Woodman, & Luck, 2002; Vogel,
Luck, & Shapiro, 1998). Although individuals differ in
how effectively they implement these processes, it is clear
that we can control which objects are held in VWM on
the basis of current task goals (Vogel, McCollough, &
Machizawa, 2005). However, most objects in the environ-
ment are composed of multiple features, and it is unclear
whether we obligatorily encode all of an item’s features
into VWM when an object is selected or whether only the
task-relevant features are stored in memory. That is, when
asked to remember only the color of an object, must we
also represent all of the other attributes of the object, such
as its shape and texture?

Evidence from the object-based attention literature ap-
pears to support the notion of obligatory storage of all
features of an attended object. These studies often report
that attention to an object automatically activates an object
representation containing all of its features (Duncan, 1984;
O’Craven, Downing, & Kanwisher, 1999; Vecera & Farah,
1994). Indeed, previous work examining VWM capacity
could be interpreted as supporting this general view. Spe-

cifically, we presented arrays of multifeatured objects (e.g.,
color, orientation) and asked subjects to remember either
one feature or all of the features of objects (Luck & Vogel,
1997; Vogel et al., 2001). We found that subjects were just
as accurate at remembering all object features as they were
at remembering single features. We took this as evidence
that the storage capacity of VWM is determined by the
number of objects in memory rather than the amount of
feature information represented. However, this conclusion
rests on one critical, but untested assumption: that in the
single-feature conditions, subjects were capable of remem-
bering just the one feature from each object without neces-
sarily storing the other visible, but irrelevant features. This
seems plausible, given that previous studies of temporary
memory storage (Stefurak & Boynton, 1986) and between-
trial priming during visual search (e.g., Kristjansson,
2006a; Maljkovic & Nakayama, 1994) suggest that such
feature-selective processing can occur. Consequently, an
alternative interpretation of these results is that subjects are
incapable of selectively remembering only one feature of
an object and thereby obligatorily store all features, which
would explain why there was equivalent performance in
the single-feature and multifeature conditions.

In contrast to the obligatory storage hypothesis, there
is considerable neurophysiological evidence that cortical
neurons preferentially represent only the task-relevant
properties of objects during memory retention intervals
(see, e.g., Rainer, Asaad, & Miller, 1998; Rao, Rainer, &
Miller, 1997; Sereno & Amador, 2006). Although these
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studies generally do not claim that these effects are spe-
cifically due to representation in VWM, these results sug-
gest that VWM can flexibly encode and actively maintain
only the task-relevant features of an object. Excluding
task-irrelevant features of objects from VWM may result
in significant advantages for information processing. Spe-
cifically, this more economic storage system may allow
for faster encoding rates because not all object features
always need to be encoded, or it may afford faster change-
detection responses by decreasing the response competi-
tion from irrelevant-feature information in memory.

In the present study, we attempt to distinguish between
these alternative accounts by using two new techniques,
each targeting a different aspect of VWM processing—
namely, VWM encoding (also known as consolidation)
and VWM maintenance. By examining both processes,
we can more completely characterize the fate of the ir-
relevant object features.

To examine VWM encoding, we utilized a psychophys-
ical technique in which pattern masks limit the period the
observer has to encode information on each trial. This
work builds on classic studies of iconic and short-term
memory storage that used attentional cues and focused on
shorter target-to-mask SOAs (Averbach & Coriel, 1961;
Gegenfurtner & Sperling, 1993; Sperling, 1960). We var-
ied the stimulus onset asynchrony (SOA) between the
memory and masking arrays to estimate the time required
to form a durable representation in VWM capable of per-
sisting despite new object onsets, unlike iconic memory
representations (Phillips, 1974). This approach has pro-
vided novel insights into the time course of VWM encod-
ing across different stimulus attributes. Vogel, Woodman,
and Luck (2006) found that the encoding rate for colored
squares was approximately 50 msec/object. In contrast,
Woodman and Vogel (2005) found that the encoding rate
for orientations and shapes was much slower, approxi-
mately 80—-100 msec/object. Although we are cautious
about making fine comparisons across experiments, these
disparate encoding rate estimates may provide a means
for testing whether task-irrelevant features are encoded
into VWM. Specifically, we measured the VWM encod-
ing rate for colored, oriented rectangles and instructed ob-
servers to remember only the color, only the orientation,
or both features of each object. If all object features are
obligatorily encoded, then we expect all three conditions
to produce equivalent encoding rates. However, if observ-
ers can flexibly encode only the task-relevant features
of an object in VWM, then the encoding rates for color
and orientation conditions should differ, in line with our
previous estimates. This would indicate that despite the
presence of task-irrelevant features, the encoding rate is
determined strictly by the task-relevant object features.

We further tested these hypotheses using a new neuro-
physiological technique for directly measuring the infor-
mation that is actively maintained in VWM. This measure
is a sustained, lateralized event-related potential (ERP)
component known as the contralateral delay activity
(CDA) because of its similarity to delay activity exhibited
by cortical neurons during delayed-match-to-sample tasks
(Bisley & Goldberg, 2003; Chaffee & Goldman-Rakic,

1998; Miller & Desimone, 1991; Miller, Erickson, & De-
simone, 1996; Miller, Li, & Desimone, 1993). The CDA is
a large negative wave maximal at posterior—parietal elec-
trodes over the hemisphere contralateral to the position of
remembered items. This activity is sustained throughout
the memory retention interval of change-detection tasks
and appears to reflect the representations held in VWM.
The amplitude of the CDA increases with the number of
items held in memory, with the asymptote being each
individual’s VWM capacity limit (Vogel & Machizawa,
2004). Moreover, the overall amplitude (regardless of
array size) of the CDA varies across different stimulus
attributes, with larger amplitudes observed for orientation
information than for color (McCollough, Machizawa, &
Vogel, 2007). Thus, CDA amplitude can provide a sensi-
tive measure of both the quantity and the type of informa-
tion maintained in VWM. We measured CDA amplitude
while observers remembered only the color, only the ori-
entation, or both the color and orientation of each object,
to determine whether the VWM representations are the
same across conditions or whether only the task-relevant
object attributes are held in memory.

METHOD

Psychophysical Methods

Twenty and 32 Vanderbilt undergraduates participated in the first
and second masking experiments, respectively. All were 18-32 years
old, provided informed consent, and had normal or corrected-to-
normal visual acuity.

The stimuli were viewed on a gray background (40.6 cd/m?) at a
distance of ~57 cm. In the first masking experiment, the sample ar-
rays consisted of three colored, oriented bars ~2.0° X 0.4° of visual
angle. Each object was centered 7.2° from fixation, randomly placed
at one of 12 clock-face-like possible locations (see Figure 1A). The
orientation and color of each bar was randomly selected (without
replacement) from the set of four orientations (vertical, horizontal,
tilted —45°, or tilted +45°) and seven possible colors (using CIE
1931 color space; red, x = .627, y = .327; blue, x = .142, y = .065;
violet, x = .279, y = .139; green, x = .280, y = .589; yellow, x =
397,y = .500; black, 0.04 cd/m2; and white, 92.6 cd/m?2). The mask
array was composed of three checkerboard-like masks generated by
randomly selecting (with two replacements) a color for each cell (ap-
proximately 0.6° X 0.6°) of a 4 X 4 matrix. One mask was centered
on each sample stimulus location.

On each trial, a fixation point (0.04 cd/m2, 0.05° X 0.05°) ap-
peared 500 msec before the sample array. The sample array was
presented for ~23 msec and its offset was followed 35, 105, 140, or
176 msec later by the onset of the mask array. The mask array was
shown for 500 msec during the retention interval and the screen was
blank for a variable duration following mask array offset such that
the retention interval was always 1,500 msec. The test array was
extinguished by the observer’s response or after 5,000 msec.

In the color, orientation, and conjunction conditions, the sample
stimuli were identical and only the instructions of which features
were relevant and the types of possible changes differed. In each
condition, subjects performed 16 practice trials followed by three
48-trial experimental blocks. Accuracy was stressed and condition
order was randomized across participants. Change-detection per-
formance was measured using the K metric (Pashler, 1988), derived
from hit and false alarm rate (Cowan, 2001; Woodman & Vogel,
2005), for estimating the number of objects represented in memory.

The methods of the second masking experiment were identical to
the first except for the use of seven shape stimuli (see Figure 1B; see
also Woodman & Vogel, 2005) and the inclusion of more observers
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Figure 1. Examples of the stimuli and the results from the psychophysical masking experiments. (A) Ex-
ample of the masked change-detection paradigm used in the first experiment. The test arrays were ter-
minated by the subject’s response or were extinguished after S sec. (B) Data from the first experiment,
showing the mean K value across observers for each condition and SOA. (C) Example of the stimulus
sequence of the second masking experiment. For the example trials in A and C, the correct response is
“different,” due to orientation and shape changes, respectively. (D) The K values’ measurements from the
second psychophysical experiment. Error bars represent the 95% within-subjects confidence intervals (as

recommended in Loftus & Loftus, 1988).

(N = 32). In both experiments, observers simultaneously performed
articulatory suppression to prevent verbal recoding (see Woodman
& Vogel, 2005).

Electrophysiological Methods

Ten University of Oregon undergraduates (ages 19-26 years) par-
ticipated in the ERP experiment after giving informed consent. Each
observer performed 220 trials per condition. The factor of array size
(two vs. four items) was mixed within blocks, whereas task condi-
tion (color, orientation, and conjunction) varied between blocks and
the condition order was randomized.

Beginning each trial, a central arrow cue pointed left or right,
instructing the observer to remember the items in one hemifield.
After 250 msec, the memory array, composed of either two or four
oriented rectangles in each hemifield, was presented for 100 msec.
Memory array items were presented within two 4° X 7.3° regions
centered 3° to the left and right of a central fixation cross on a gray
background (8.2 cd/m?). Each rectangle (0.65° X 2°) was randomly
selected (with one replacement) from a set of four orientations (ver-
tical, horizontal, left 45°, and right 45°) and four colors (red, green,
blue, and black). Stimulus positions were randomized, with at least
2° between objects. After a 1,000-msec retention interval, the test
array was presented for 2,000 msec. On half of the trials, the test
array was identical to the memory array, and on the remaining trials,
it differed by one feature of one item.

ERPs were recorded and analyzed using standard procedures
(McCollough et al., 2007; Vogel et al., 1998). Trials contaminated
by blinks or >1° eye movements (mean = 15% of trials per subject)
were rejected. We recorded from 22 standard electrode sites. ERPs
were time-locked to memory array onset and recorded throughout
the retention period until test array presentation. The CDA was mea-
sured as the difference in mean amplitude between the ipsilateral and
contralateral waveforms (PO1/PO2), from 300 to 900 msec follow-
ing memory array onset.

RESULTS

Feature-Selective Consolidation

In our first psychophysical experiment using colored,
oriented rectangles (Figure 1A), change-detection per-
formance rose more quickly as the sample-to-mask SOA
increased in the color condition than it did in the orienta-
tion condition (Figure 1B). Moreover, the consolidation
rate in the conjunction condition was similar to that of
the orientation condition. The two-way ANOVA with the
factors of condition (color, orientation, or conjunction)
and SOA (35, 107, 140, or 175 msec) yielded significant
main effects of condition [F(2,38) = 9.93, p < .001] and
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SOA [F(3,57) = 94.92, p < .0001] and an interaction of
these factors [F(6,114) = 5.02, p < .001]. Planned com-
parisons between conditions supported the observations
that the color condition differed from both the orientation
and conjunction conditions [F(1,19) = 10.90, p < .01,
and F(1,14) = 23.20, p < .001, respectively], and both
interactions with SOA were significant [F(3,57) = 8.41,
p <.001, and F(3,57) = 4.39, p < .01, respectively]. The
orientation and conjunction conditions did not differ from
each other, nor was there an interaction with SOA (ps >
.25). In all comparisons, the effect of SOA was highly sig-
nificant (ps < .0001).

We also evaluated the selectivity of VWM encoding by
computing the slope of the consolidation functions in terms
of the amount of time needed to consolidate each item. The
slope of the color consolidation function was 67.7 msec/
item, and differed from the consolidation slopes in the other
two conditions (ps < .05). The slopes in the orientation
(117.7 msec/item) and conjunction (96.3 msec/item) condi-
tions were not significantly different (p > .30).

This first experiment shows that the consolidation rate
in the color condition was faster than in the orientation
condition, despite identical stimuli across conditions.
These findings support the flexible-encoding hypothesis
that VWM consolidation can be limited to just the to-be-
remembered features of objects, and are contrary to the
predictions of a rigid-consolidation process. Consolida-
tion rate in the conjunction condition was no slower than
the rate for the slower-to-encode component feature. These
findings suggest that VWM encoding is best accounted
for by a mechanism that can process multiple features in
parallel, but with limited capacity.

In our second psychophysical experiment, a new, larger
group of observers detected changes in the color, geomet-
ric shape, or both the color and shape of a set of items
(Figure 1C) to replicate the first experiment and allow for
analysis of the different types of feature changes in the
conjunction condition. Identical to the results of our first
experiment, change-detection performance rose more rap-
idly across SOA in the color condition than in the shape
or conjunction conditions (Figure 1D), resulting in a sig-
nificant effect of condition [F(2,62) = 22.68, p < .001]
and SOA [F(3,93) = 95.27, p < .001] and a significant
interaction of these factors [F(6,186) = 8.95, p < .001].
Planned comparisons confirmed that the color condition
differed from the shape [F(1,31) = 33.89, p < .0001] and
conjunction [F(1,31) = 28.34, p < .0001] conditions.
However, the shape and conjunction conditions did not
significantly differ from one another (¥ < 1). The effect
of SOA was significant in all pairwise tests of condi-
tions (ps < .0001). The slope of the color consolidation
function was 83.6 msec/item and differed significantly
from the shape slope (170.2 msec/item, p < .05) and the
conjunction condition slope (181.6 msec/item, p < .01),
but the shape and conjunction conditions did not differ
(F < 1). Thus, identical patterns of effects were observed
in both psychophysical masking experiments.

By focusing on only the change trials, we can test the hy-
pothesis that consolidation of color is slowed when shape
must also be encoded, as conjunction performance sug-

gests. Figure 2 shows the percentage of changes detected
in the conjunction condition and feature conditions. The
slope of the function relating change-detection accuracy, in
percentage correct, to SOA for color changes in the color
condition was significantly steeper than for color changes
detected in the conjunction condition (p < .05). In con-
trast, the slopes of the shape-change consolidation func-
tions did not differ significantly between the shape and
conjunction conditions (F < 1). These findings show that
the consolidation of color was slowed when shape also had
to be encoded, and further support the proposal that con-
solidation efficiency is dependent on whether other visual
features of the objects are task relevant.

Feature-Selective Storage

In our last experiment, we used an alternative approach
to test the flexible versus obligatory storage hypotheses.
With psychophysical methods alone, it is possible that re-
sults are due to processing at late stages, such as response
selection, meaning that the VWM representations stored
were actually identical between conditions in the first ex-
periments. To address this possible limitation, we used the
CDA component as an electrophysiological measure of
what was maintained in VWM during the retention inter-
vals. The stimuli were presented within a bilateral display,
and observers were asked to remember the color and ori-
entation of both features, across different blocks of trials,
of the items within the cued hemifield (see Figure 3A).

Figure 3B shows the behavioral performance in this
task. Replicating previous reports, observers were equally
good at detecting changes in color, orientation, and con-
junction conditions (F < 1), and overall performance de-
creased with the set size increase from two to four items
(p <.01) (Luck & Vogel, 1997; Vogel et al., 2001).

To isolate the CDA, we time-locked the ERPs to
memory array onset and constructed difference waves by
subtracting ipsilateral activity from activity contralateral
to the cued hemifield. Figure 3C shows these difference
waveforms across the task conditions. As shown previ-
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Figure 2. Accuracy with which changes were detected (percent-
age of changes detected) in the feature and conjunction condi-
tions of the second psychophysical experiment. Diamonds repre-
sent color changes, squares represent shape changes, filled shapes
show changes in the feature conditions, and unfilled shapes show
changes in the conjunction condition.
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Figure 3. Stimuli and results from the electrophysiological experiment. (A) An ex-
ample of the stimulus sequence presented while ERPs were recorded. (B) Accuracy of
change-detection performance in percentage correct as a function of the number of
items to be remembered. (C) The ipsilateral-contralateral ERP waveforms from the
color, orientation, and conjunction conditions showing the CDA component when two
or four items were to be remembered. The waveforms were recorded from electrode
sites PO1/PO2 in the standard 10/20 system configuration. For presentation only, the
ERP waveforms were digitally low-pass filtered by convolving the waveforms with a
Gaussian impulse response function (SD = 6 msec, 50% amplitude cutoff at 30 Hz).
(D) Bar graph of the CDA amplitude measured from 200 to 800 msec after the mem-
ory stimulus array offset.

ously, the CDA amplitude was larger during memory re-
tention of four-item as opposed to two-item arrays. Impor-
tantly, the overall amplitude (regardless of array size) was
larger for the orientation and conjunction conditions than
for the color condition. An ANOVA on mean CDA ampli-
tude from 300 to 900 msec post—-memory array onset (Fig-
ure 3D) supported these observations and yielded signifi-
cant main effects of array size [F(1,12) = 11.25, p < .01]

and condition [F(2,24) = 6.40, p < .01] but no interaction
between these factors (£ < 1). Planned comparisons re-
vealed significant differences between the color condition
and the orientation and conjunction conditions (ps < .01),
but no difference between the orientation and conjunction
conditions (p > .15).

Although subjects viewed identical stimuli, CDA
amplitude was differentially modulated depending on
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whether the color or orientation was task relevant. If sub-
jects obligatorily store all features of an object in VWM,
one would expect no amplitude difference across the task
conditions. However, the larger amplitude CDA in the ori-
entation than in the color condition indicates that subjects
were indeed able to selectively store only the color infor-
mation from the objects, despite the presence of orienta-
tion information. These results strongly favor the selective
feature storage hypothesis.

Individual Differences in Feature Selection?

Previous research has shown that individual differences
in VWM capacity predict subjects’ ability to control which
objects are retained in VWM (Vogel et al., 2005). Here,
we tested whether the ability to select between relevant
and irrelevant features of objects might also vary with
VWM capacity. Thus, we performed a median split of the
subjects based on behavioral performance at the longest
masking SOA (199 msec) or largest ERP set size (4). In
the psychophysical experiments, the low-capacity observ-
ers were generally slower than the high-capacity subjects
at consolidating information into VWM, but both groups
encoded color more efficiently than orientation/shape or
the conjunction condition, with the form feature and con-
junction encoding efficiency being equivalent. Both ANO-
VAs with the between-subjects variable of high versus low
capacity yielded no significant interactions of capacity X
condition X SOA for either of the psychophysical mask-
ing experiments (F's < 1), despite significant main effects
of all of these factors (ps < .01).

The electrophysiological data showed the same pattern.
The CDA amplitude differences between remembering
color versus orientation or the conjunction of features did
not differ between high- and low-capacity subjects. The
ANOVA yielded no significant capacity X condition in-
teraction (F' < 1), despite a significant capacity X set size
interaction (p < .01), with high-capacity subjects show-
ing larger amplitude differences between set size 2 and set
size 4 than did low-capacity subjects, replicating previous
work (Vogel & Machizawa, 2004). Although further stud-
ies with larger samples will be necessary to confirm these
observations, the present findings suggest that whereas
VWM capacity differences correlate with the ability to
control which objects are stored in VWM, the ability to
selectively encode specific feature information within an
object is common across subjects and is not correlated
with an individual’s memory capacity.

Advantages of Feature-Selective Storage?

It is reasonable to wonder why VWM would utilize se-
lective storage of object features, given that more feature
information could be stored without incurring additional
storage capacity limits. Our findings suggest that selective
storage has at least two advantages over a system in which
all object features are obligatorily encoded and stored.
First, when only a subset of features needs to be remem-
bered, this information can be more quickly encoded, or
consolidated, into a robust form in VWM. The results of
the masking experiments provide a demonstration of this.
Second, a selective storage VWM system could prevent

interference from irrelevant information at the response
stage of processing. As more features of each object are
stored, additional decisions might be necessary, increasing
the probability of an error or slowing response selection.
The reaction time data collected during the ERP experi-
ment suggest that this may be the case. Observers were
fastest to correctly respond to the test array in the single-
feature conditions (color RT, set size 2 = 664 msec, set
size 4 = 773; orientation RT, set size 2 = 706 msec, set
size 4 = 805 msec) as opposed to the conjunction condi-
tion (set size 2 = 725 msec, set size 4 = 830 msec), re-
sulting in significant RT effects of condition and set size
(ps < .05). These findings suggest that selective storage
in VWM affords faster processing both during encoding
and during response-related operations.

DISCUSSION

We contrasted the hypothesis that VWM mechanisms
select which object features are stored on the basis of the
current task with the obligatory storage hypothesis, in
which storing any feature of an object requires storage of
all of the object’s features. The findings of the masking
and electrophysiological experiments converge to support
the selective feature storage hypothesis. Three aspects of
these findings are most relevant for models of VWM.

First, the rate of consolidation varied as a function of
which feature was task relevant. Despite identical physi-
cal stimuli between conditions, the color-memory tasks
resulted in steeper consolidation slopes than did the
shape- or orientation-memory tasks. These findings in-
dicate that consolidation is selective for the task-relevant
features and, therefore, under top-down control. Our ERP
experiment supports this conclusion in showing that after
encoding, only the task-relevant features are maintained in
VWM (see also Kristjansson, 2006b).

Second, these findings speak to whether the consolida-
tion of features takes place serially or in parallel. When
observers were required to remember feature conjunc-
tions, the consolidation rate was essentially identical to
the consolidation rate of the slower-to-encode feature. If
the consolidation of separate features required serial pro-
cessing, then consolidating multiple features should have
had an additive effect in slowing the consolidation rate
relative to the slowest single-feature condition; however,
this was not obtained.

Third, the present findings are relevant for the debate
over the nature of the representations in VWM. The obser-
vation that the consolidation of conjunctions progresses at
the same rate as the consolidation of the slower-to-encode
features is particularly relevant. This could be accounted
for in at least two ways. First, this could be due to VWM
consolidation mechanisms that operate on bound-object
representations when all features are task relevant (e.g.,
Irwin & Andrews, 1996; Vogel et al., 2001), so that repre-
sentations can only be encoded into VWM as quickly as
the slowest-to-encode feature. Feature-based models of
VWM would account for these data by proposing sepa-
rate consolidation mechanisms that simultaneously fill
independent-feature stores (e.g., Wheeler & Treisman,
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2002). However, their simultaneous operation causes color
encoding to be slowed in the conjunction condition. Thus,
the present findings constrain these competing models of
VWM representation.
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