Cognition 117 (2010) 69–79

Contents lists available at ScienceDirect

Cognition
journal homepage: www.elsevier.com/locate/COGNIT

A bilateral advantage for storage in visual working memory
Akina Umemoto, Trafton Drew, Edward F. Ester, Edward Awh *
Department of Psychology, University of Oregon, 1227 University, Eugene, OR 97403, United States

a r t i c l e

i n f o

Article history:
Received 3 November 2009
Revised 26 May 2010
Accepted 3 July 2010

Keywords:
Visual working memory
Bilateral advantage

a b s t r a c t
Various studies have demonstrated enhanced visual processing when information is
presented across both visual hemiﬁelds rather than in a single hemiﬁeld (the bilateral
advantage). For example, Alvarez and Cavanagh (2005) reported that observers were able
to track twice as many moving visual stimuli when the tracked items were presented
bilaterally rather than unilaterally, suggesting that independent resources enable tracking
in the two visual ﬁelds. Motivated by similarities in the apparent capacity and neural
substrates that mediate tracking and visual working memory (WM), the present work
examined whether or not a bilateral advantage also arises during storage in visual WM.
Using a recall procedure to assess working memory for orientation information, we found
a reliable bilateral advantage; recall error was smaller with bilateral sample displays than
with unilateral displays. To demonstrate that the bilateral advantage inﬂuenced storage per
se rather than just encoding efﬁciency, we replicated the observed bilateral advantage
using sequentially presented stimuli. Finally, to further characterize how bilateral presentations enhanced storage in working memory, we measured both the number and the resolution of the stored items and found that bilateral presentations lead to an increased
probability of storage, rather than enhanced mnemonic resolution. Thus, the bilateral
advantage extends beyond the initial selection and encoding of visual information to inﬂuence online maintenance in visual working memory.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
The organization of the visual system is primarily contralateral such that information from the left visual hemiﬁeld is initially processed in the right hemisphere while
information from the right visual hemiﬁeld is processed
in the left hemisphere. Although information from these
separate pathways is eventually integrated via the connecting ﬁbers of the corpus callosum, various studies have
reported enhanced performance when items are distributed across both hemiﬁelds such that both the right and
left hemispheres receive the initial input, compared to
when a single hemisphere processes the same amount of
information. This effect has been termed the bilateral
advantage. Alvarez and Cavanagh (2005) provided one of
the most compelling demonstrations of a bilateral advan* Corresponding author.
E-mail address: awh@uoregon.edu (E. Awh).
0010-0277/$ - see front matter Ó 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cognition.2010.07.001

tage using a task that required observers to simultaneously
track multiple targets that were presented in either unilateral or bilateral displays. This study revealed an approximate doubling of tracking capacity when the targets
were spread across both hemiﬁelds compared to when
the same number of targets occupied a single hemiﬁeld,
suggesting independent attentional capacities in the right
and left cerebral hemispheres. The Alvarez and Cavanagh
(2005) ﬁndings dovetail with several other studies that
also showed a clear bilateral advantage during encodinglimited tasks that required pattern matching (Muller, Malinowski, Gruber, & Hillyard, 2003; Reuter-Lorenz, Stanczak,
& Miller, 1999; Sereno & Kosslyn, 1991) or rapid target
discrimination (Awh & Pashler, 2000; Carlson, Alvarez, &
Cavanagh, 2007; Kraft et al., 2005, 2007; Liu, Jiang, Sun,
& He, 2009; Scalf, Banich, Kramer, Narechania, & Simon,
2007).
Although the tracking task employed by Alvarez and
Cavanagh (2005) differed in important ways from the tasks
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used in other demonstrations of the bilateral advantage,
they offered a hypothesis that is consistent with the full
range of ﬁndings. Speciﬁcally, Alvarez and Cavanagh
(2005) suggested that there may be hemisphere-speciﬁc
resources that are required for the initial selection of target
items, while later stages of processing such as identiﬁcation and memory storage may not show hemiﬁeld independence. With the exception of split-brain patients, this
hypothesis was in line with previous failures to ﬁnd strong
evidence of hemisphere-dependent resources in normal,
healthy individuals in visual search tasks (Luck, Hillyard,
Mangun, & Gazzaniga, 1989) and memory storage (Duncan
et al., 1999). Thus, while Alvarez and Cavanagh (2005) provided deﬁnitive evidence of a bilateral advantage during
attentive tracking, similar evidence from memory-limited
tasks has been elusive (but see Delvenne, 2005). Nevertheless, there is a growing body of neural and behavioral evidence suggesting functional overlap between attentive
tracking and storage in visual WM. Past studies have reported a similar capacity limit for the two such that
approximately 3–4 objects can be actively maintained in
visual working memory (Luck & Vogel, 1997; Pashler,
1988; Sperling, 1960; Vogel, Woodman, & Luck, 2001),
and tracked simultaneously (Cavanagh & Alvarez, 2005;
Oksama & Hyönä, 2004; Pylyshyn & Storm, 1988). In line
with these similar capacity limits, Oksama and Hyönä
(2004) found reliable correlations between an individual’s
performance in MOT and visuospatial WM tasks. Likewise,
Fougnie and Marois (2006) demonstrated strong dual task
interference effects when subjects were required to simultaneously track objects and store items in visual WM. Finally, fMRI and ERP studies have suggested that similar
neural regions mediate attentive tracking and storage in
visual WM. Functional MRI studies have revealed common
brain regions that are active during both MOT and VSTM
tasks, including the frontal eye ﬁelds and intraparietal sulcus (Culham et al., 1998; Culham, Cavanagh, & Kanwisher,
2001; Howe, Horowitz, Morocz, Wolfe, & Livingstone,
2009; Jovicich et al., 2001; Linden et al., 2003; Todd &
Marois, 2004, 2005; Xu & Chun, 2006). More recently,
Drew and Vogel (2008) recorded event-related potentials
during an MOT task, and found a robust CDA (contralateral
delay activity) waveform that strongly predicted individual
tracking ability. The CDA waveform, whose activity is likely
to arise from the intraparietal sulcus (IPS), has been previously shown to be a robust predictor of capacity in visual
WM (Vogel & Machizawa, 2004; Vogel, McCollough, &
Machizawa, 2005). A similar link between WM capacity
and activity in the posterior parietal cortex was also observed by Todd and Marois (2005) in a voxelwise fMRI
analysis. These results together suggest that a common
neural resource may mediate performance both in the
tracking and visual WM tasks, and highlight the possibility
that a bilateral advantage may inﬂuence performance in
both tasks.
Indeed, there is one published demonstration of a bilateral advantage during a visual working memory task. Using
a standard change detection task, Delvenne (2005) measured capacity in a spatial WM task and found a reliable
enhancement of capacity when the stored positions were
presented bilaterally relative to when they were presented

unilaterally. This result is consistent with the hypothesis
that WM storage is improved in the bilateral condition,
but one alternative explanation requires consideration. Given that success in the change detection task is dependent
on both successful encoding and storage of the target
items, the possibility remains that the bilateral advantage
in the Delvenne (2005) study resulted from differences in
the quality of stimulus encoding in the bilateral and unilateral conditions. Thus, a key goal of the present research
was to re-examine whether WM storage is subject to a
bilateral advantage while attempting to rule out stimulus
encoding as the source of this putative effect. Conclusive
evidence of a bilateral advantage during WM storage
would show that even relatively late-stage memory processes are inﬂuenced by hemisphere-speciﬁc resource limits. To anticipate the results, our studies showed a reliable
bilateral advantage during the maintenance of orientation
information in visual WM. Furthermore, this bilateral
advantage was robust even when the memoranda were
presented sequentially, thereby precluding the possibility
of a bilateral advantage during stimulus encoding. These
data complement those of Delvenne (2005) by showing
that storage in WM per se is enhanced when the stored
items are initially presented to separate hemispheres.
Finally, we examined which aspect of memory storage
was affected by the bilateral advantage. Recent evidence
has suggested that WM capacity may be determined by
two distinct aspects of memory ability, such that separate
factors determine the maximum number of items that can
be held in WM, and the precision or resolution of those
memory representations (Awh, Barton, & Vogel, 2007;
Barton, Ester, & Awh, 2009; Scolari, Vogel, & Awh, 2008;
Xu & Chun, 2006; Zhang & Luck, 2008). Xu and Chun
(2006) provided neural evidence for this dissociation by
demonstrating that activity in distinct neural regions reﬂected the number of items stored in working memory,
and the complexity of the stored items. Given that higher
resolution is needed for accurate performance with complex objects, the ﬁndings of Xu and Chun (2006) suggest
that distinct neural regions mediate number and resolution in visual WM. In line with this neural dissociation,
an analysis of individual differences (Awh et al., 2007)
found no correlation between these two aspects of memory storage. That is, subjects who could hold a larger number of items in WM were not necessarily the same
subjects who could maintain the items with higher resolution. This raises an interesting question about how bilateral presentations may affect storage in working memory.
When the items to be stored are bilaterally arrayed, does
this enable the storage of a larger number of items, or
does it instead inﬂuence the resolution of the stored representations? To answer this question, we employed an
analytic procedure developed by Zhang and Luck (2008)
that enables separate estimates of the number and resolution of the representations stored in WM. This procedure
replicated our ﬁndings of a reliable memory advantage
in the bilateral condition. Importantly, the bilateral advantage was found only with respect to the number of items
maintained in WM; the resolution of the stored representations was equivalent in the bilateral and unilateral
conditions.
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2. Experiments 1a & 1b
We used an orientation recall task to test whether visual WM shows a bilateral advantage. Subjects in Experiment 1a were brieﬂy presented with two teardrop
stimuli whose orientations were randomly selected from
72 possible orientation angles with 5° increments from 0
to 360°. In Experiment 1b, the possible orientations were
spaced more ﬁnely (in one degree increments) to allow a
more precise measurement of orientation precision. These
stimuli were presented either within or between the two
hemiﬁelds, and performance was measured by recording
the angular separation between the subjects’ response
and the probed sample item. Finally, one central goal of
the present research was to test whether the bilateral
advantage leads to enhanced storage per se rather than enhanced encoding of the sample stimuli. After all, most previous demonstrations of the bilateral advantage are from
strongly encoding-limited tasks (e.g., Awh & Pashler,
2000; Kraft et al., 2005, 2007; Reuter-Lorenz et al., 1999;
Sereno & Kosslyn, 1991; Scalf et al., 2007). Thus, in both
Experiment 1a and 1b, stimuli were presented either all
at the same time (simultaneous condition), or one at a time
in sequence (sequential condition). The rationale was that
sequential encoding would rule out any possible bilateral
advantage during encoding because for both the bilateral
and unilateral conditions, the sample stimuli were encoded in only one hemiﬁeld at a time. Thus, a bilateral
advantage during the sequential condition could not be explained by differences in encoding quality. We included
both the simultaneous and sequential conditions to enable
a direct comparison of the size of the bilateral advantage in
these two conditions.
2.1. Method
2.1.1. Subjects
Two groups of subjects from the University of Oregon
community (14 for Experiment 1a, and 30 for Experiment
1b) participated in a 1 h experimental session for either
psychology course-credit or for monetary compensation.
All subjects reported normal or corrected-to-normal vision.
2.1.2. Stimuli
2.1.2.1. Experiment 1a. The stimuli were ‘‘teardrops” that
had a length of 2.1° and a width of 1.3 ° (see Fig. 1). The orientation of each stimulus was randomly selected from 72
possible angles that started at 0° and were evenly spaced
in 5° increments around the full 360° space. There stimuli
were black, presented on a gray background. The two stimuli appeared 4.1° from the central ﬁxation. The stimuli
were presented either within the same hemiﬁeld (vertically aligned) or across the two hemiﬁelds (horizontally
aligned). The center-to-center distance between each item
was 4.9° for the vertical, and 5.7° for the horizontal alignment (this distance was equated in Experiment 1b). The
simultaneous condition contained two stimuli appearing
either across the two hemiﬁelds or within the same hemiﬁeld for 150 ms, whereas one item was presented at a time
for 150 ms each with a 300 ms inter-stimulus interval (this

Fig. 1. The sequence of events in a single trial of the recall procedure in
Experiment la for the simultaneous condition. The dotted arrow indicates
toward the correct position of the probed item.

made the total duration of each trial, excluding the latency
of subjects’ response, longer in the sequential condition
than in the simultaneous condition (2150 ms versus
2600 ms)). The location of the second item in the sample
array in the sequential condition was equally likely to fall
in the same hemiﬁeld as in the opposite hemiﬁeld, hence
the position of the ﬁrst items in the sequential condition
provided no information regarding whether the subsequent stimuli would be in the same or opposite hemiﬁeld.
The next trial began 1 s after subjects selected a target orientation and pressed the ‘‘enter” key. All subjects participated in both the simultaneous and sequential encoding
conditions (blocked), and the order of conditions was
counterbalanced across subjects.
2.1.2.2. Experiment 1b. In Experiment 1b, two changes were
made. First, the stimulus positions were adjusted. In Experiments 1a, the center-to-center distance between objects
was slightly larger for the bilateral displays than for the
unilateral displays (by 0.7°). Although the distance between objects in the unilateral displays was well beyond
the range of critical spacing in Experiments 1a, arguing
against differential crowding effects in the bilateral and
unilateral conditions, inter-stimulus distances were
equated in the bilateral and unilateral conditions of Experiments 1b (and Experiment 2). Second, the possible stimulus angles varied in 1° increments across the entire 360°
space. The stimuli were outlined circles with an oriented
bar that was stretched from its center dot (see Fig. 2). Each
stimulus was 6.1° in diameter with a center-to-center distance of 6.8°, and 9.7° from the central ﬁxation. In the test
array, one of the stimuli re-appeared without its oriented
bar (i.e., the outlined circle with a center dot). Subjects
used the computer mouse to click on the tested item to
indicate the orientation of the bar for the item that was
in the same position in the sample array. The next trial began immediately after the mouse click that indicated the
subjects’ response.
2.1.3. Procedure
2.1.3.1. Experiment 1a. Each trial began with the onset of a
ﬁxation point for one second (see Fig. 1). Immediately
afterwards, a sample array containing two teardrop stimuli
in either a single hemiﬁeld or across both hemiﬁelds was
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Fig. 2. The sequence of events in a single trial of the recall procedure in
Experiment lb for the sequential condition. The arrow indicates the
correct position of the probed item.

presented for 150 ms for the simultaneous condition, while
the sequential condition showed one teardrop at a time for
150 ms each with a 300 ms of inter stimuli interval (this
procedure made the total trial duration longer for the
sequential condition by 450 ms). Following the offset of
the sample array, there was a 1 s delay period, after which
a test array containing a single randomly oriented teardrop
was presented. Subjects adjusted the orientation of the
item in the test array to match the orientation of the item
from the same position in the sample array. The up and
down arrow keys guided subjects through 72 possible
stimulus orientations (i.e., each in 5° increments) in order
(the up key for counterclockwise, and the down key for
clockwise) until subjects found one that matched the
remembered orientation. The central ﬁxation was removed
while subjects were going through the possible target orientations and re-appeared once they selected a target item
by pressing the ‘‘enter” key. The next trial began 1 s following the subject’s response. Subjects were seated approximately 60 cm from the computer screen. The same
subjects completed three blocks of 48 trials each in both
the simultaneous and sequential encoding conditions.
These conditions were blocked and counterbalanced across
subjects.

those presented within the same hemiﬁeld (M = 15.9°,
SD = 7.90), t(13) = 3.54 p < .01 (see Fig. 3). Thirteen of 14
subjects showed this bilateral advantage (see Fig. 4 for
the error distributions across all subjects). Critically, the
sequential condition also revealed a signiﬁcant bilateral
advantage; recall errors for the bilateral condition were
signiﬁcantly smaller (M = 13.1°, SD = 5.56) than for the unilateral condition (M = 15.6°, SD = 6.43), t(13) = 2.41, p = .03
(see Fig. 3). Eleven out of 14 subjects showed this effect
(see Fig. 5 for the error distributions across all subjects).
An analysis of variance with the sample positions (unior bi-lateral) and the encoding conditions (simultaneous
or sequential) as factors revealed a signiﬁcant main effect
of sample position with reduced mean offsets for the bilateral (M = 13.1°, SD = 1.43) compared to the unilateral
(M = 15.8°, SD = 1.88) condition, F(1, 13) = 11.1, p = .01.
There was no signiﬁcant main effect of encoding,
F(1, 13) = .06, p = .8, or interaction between the two factors,
F(1, 13) = .22, p = .65. Thus, the results suggest a modest,
but reliable bilateral advantage for the maintenance of orientation in visual WM. Furthermore, an equivalent bilateral advantage in the simultaneous and sequential
conditions favors our argument that the effect was due to
enhanced storage in memory per se rather than enhanced
encoding efﬁciency.

Fig. 3. Recall error for the unilateral and bilateral displays under the
simultaneous and sequential encoding processes in Experiment la. The
error bar represents 95% conﬁdence interval (Cousineau, 2005).

2.1.3.2. Experiment 1b. The procedure was the same as
Experiment 1a except for a few changes in the sample
duration and subjects’ response. The sample duration
was reduced to 125 ms for the simultaneous condition.
The sequential condition showed one stimulus at a time
for 125 ms each with a 300 ms inter-stimulus interval. Unlike Experiment 1a, subjects responded with a mouse click
on the tested item to indicate the target orientation. The
same subjects completed seven blocks of 48 trials in each
encoding condition. Encoding conditions were blocked
and counterbalanced across observers.
2.1.4. Results and discussion
2.1.4.1. Experiment 1a. The key dependent variable was the
offset between the subject’s response and the orientation
of the critical stimulus in the sample array. We observed,
in the simultaneous encoding condition, a small but reliable reduction in mean offsets when items were presented
across both hemiﬁelds (M = 13.1°, SD = 5.40) compared to

Fig. 4. A distribution across all subjects for recall error for the unilateral
and bilateral displays under the simultaneous encoding processes in
Experiment la.
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Fig. 5. A distribution across all subjects for recall error for the unilateral
and bilateral displays under the sequential encoding processes in
Experiment la.

2.1.4.2. Experiment 1b. Just as in Experiment 1a, a bilateral
advantage was replicated for both encoding conditions
(see Fig. 6). The simultaneous condition resulted in a bilateral advantage of 4.3°, with smaller mean offsets for the
bilateral condition (M = 11.7°, SD = 3.39) than the unilateral condition (M = 16°, SD = 7.01), t(29) = 4.44, p < .01. This
effect was seen in 25 out of 30 subjects (see Fig. 7 for the
error distributions across all subjects). Likewise, the
sequential condition yielded a reliable bilateral advantage
of 2.1°, with smaller mean offsets for the bilateral
(M = 12.3°, SD = 4.11) than the unilateral condition
(M = 14.4°, SD = 5.10), t(29) = 5.34, p < .01. Twenty-ﬁve
out of 30 subjects showed this bilateral advantage (see
Fig. 8 for the error distributions across all subjects). An
analysis of variance with the sample position and encoding
condition as factors again revealed a signiﬁcant main effect
of the sample position, F(1, 29) = 32.6, p < .01, with reduced
mean offsets for the bilateral (M = 12°, SD = .63) compared
to the unilateral condition (M = 15.2°, SD = .98). There was
no main effect of encoding. However, unlike Experiment
1a, a signiﬁcant interaction between sample position and
encoding was observed, F(1, 29) = 5.14, p = .03. A separate
analysis revealed a smaller bilateral advantage in the
sequential condition (M = 2.10°, SD = 2.16) than in the
simultaneous condition (M = 4.27°, SD = 5.26), t(29) =

Fig. 6. Recall error for the unilateral and bilateral displays under the
simultaneous and sequential encoding processes in Experiment lb. The
error bar represents 95% conﬁdence interval (Cousineau, 2005).
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Fig. 7. A distribution across all subjects for recall error for the unilateral
and bilateral displays under the simultaneous encoding processes in
Experiment lb.

Fig. 8. A distribution across all subjects for recall error for the unilateral
and bilateral displays under the sequential encoding processes in
Experiment lb.

2.27, p = .03. This suggests that part of the bilateral advantage observed in the simultaneous condition may have
been due to enhanced encoding rather than solely due to
memory storage. Nevertheless, the reliable bilateral advantage in the sequential condition demonstrates a bilateral
advantage even when the local display characteristics are
identical between the bilateral and unilateral conditions.
These arguments notwithstanding, we also considered
the possibility that even in the sequential condition, the
encoding of the second item may have been affected by
whether subjects were engaged in ongoing maintenance
of items in the same or opposite hemiﬁeld. To test this possibility, we examined whether a reliable bilateral advantage
was evident when only the data from the ﬁrst items presented in the sequential condition were included. To reiterate our rationale, the ﬁrst items presented in the sequential
condition were identical for both the uni- and bi-lateral displays, since they were presented one hemiﬁeld (quadrant)
at a time. Thus, because there was no ongoing memory load
when the ﬁrst items were presented, encoding conditions
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for those items were precisely the same in the bilateral and
unilateral conditions. Thus, a bilateral advantage for the ﬁrst
items presented would provide a conclusive disconﬁrmation of the hypothesis that encoding differences are the sole
source of the advantage. To maximize statistical power, we
combined the data from Experiments 1a and 1b. This analysis revealed a signiﬁcant bilateral advantage for the item
presented ﬁrst in the sequential encoding conditions,
t(43) = 5.92, p < .01, showing reduced mean offsets for the
bilateral (M = 13.6°, SD = 5.2) compared to the unilateral
(M = 16.9°, SD = 7.65) condition. A similar bilateral advantage was marginally signiﬁcant for the second item presented in the sequential encoding condition, t(43) = 1.89,
p = .07. An analysis of variance showed a signiﬁcant main effect of order, such that mean offsets for the second sequence
of sample array (M = 12.1, SD = .67) was smaller than those
for the ﬁrst sequence (M = 15.3, SD = .95), F(1, 43) = 20.51,
p < .01. There was a signiﬁcant interaction between order
and sample positions, such that the bilateral advantage
was larger for the item presented ﬁrst (M = 3.3, SD = 3.71),
than for the item presented second (M = 1.0, SD = 3.72),
F(1, 43) = 8.92, p = .01. To conclude, the results from Experiments 1a and 1b demonstrated enhanced performance in a
working memory task when incoming visual information
was distributed across the two visual hemiﬁelds as opposed
to when the same information was presented unilaterally.
This bilateral advantage was reliable when the sample items
were presented sequentially, such that local display conditions were identical in the bilateral and unilateral conditions. Moreover, the bilateral advantage was reliable for
the ﬁrst items presented in the sequential condition when
both local display conditions and ongoing storage in visual
WM were equivalent across the bilateral and unilateral conditions. Thus, the observed bilateral advantage could not be
explained by differences in encoding quality. These results
corroborate previous ﬁndings of a bilateral advantage in a
visual WM task (Delvenne, 2005) while also providing more
conclusive evidence that the bilateral advantage can affect
post-encoding stages such as storage in WM.

3. Experiments 2a & 2b
In the second set of experiments, we sought to further
characterize how the bilateral advantage affects storage in
WM. Speciﬁcally, recent research has suggested that capacity in visual working memory may be best understood by
distinguishing between the maximum number of items
that can be stored and the resolution or precision of each
of those representations. For example, Xu and Chun
(2006) found that distinct neural regions were sensitive
to the number of items stored on the one hand (inferior
intraparietal sulcus), and the complexity of the stored items
on the other hand (superior parietal and lateral occipital
cortex). Given that more complex items require more detailed representations to support accurate memory-guided
behavior, these data suggest that different neural processes
determine how many items can be stored and how much
detail is maintained for the stored items. In line with these
ﬁndings, Awh et al. (2007) examined individual differences
in the number and resolution of the representations stored

in WM and found no correlation between these two measures (though the reliability of each measure was conﬁrmed). These data suggest a two-factor model in which
number and resolution represent distinct aspects of memory ability. From this perspective, there are at least two distinct ways to explain enhanced storage during the bilateral
condition in the present experiments. The bilateral advantage may have arisen because more items were stored from
both hemiﬁelds. Alternatively, even if the same number of
items was stored, those presented bilaterally might have
been maintained with a higher precision. Hence in the ﬁnal
experiments, we attempted to determine which aspect of
storage was inﬂuenced by the bilateral advantage.
To test whether the observed bilateral advantage was
due to an increase in the number of items stored, or to
the resolution with which these items were stored, we used
an analytic approach developed by Zhang and Luck (2008)
that provides independent estimates of the number and
precision of the representations stored in visual WM. To detail their procedure, they employed a recall paradigm in
which subjects remembered multiple colors for a brief period of time, and were asked to report the color of a probed
item by clicking on a color wheel shown on a test array.
They predicted that if visual WM memory is subject to discrete capacity limits – such that some information is retained regarding a limited number of items while zero
information was retained for items exceeding the item limit
– then response errors in this procedure should fall into two
distinct categories. When the item was stored in WM, subjects’ responses should be most frequent around the value
of the probed item, with monotonic reductions in response
frequency as the distance from the correct angle increases.
By contrast, when the probed item was not stored, response
errors should be randomly and evenly distributed across
the full range of possible error values. Thus, the overall distribution of response errors should reveal a mixture of
these two distributions. Their ﬁndings strongly corroborated these assumptions, showing that the distribution of
response errors was best described by a mixture model that
included two key parameters representing the probability
that the probed item was in memory (P(mem), based on
the probability of random responses), and the precision
with which the probed item was held in memory (based
on the standard deviation of response errors when subjects
did have information about the critical stimulus.). We utilized this method in our ﬁnal experiment to examine if
the observed bilateral advantage reﬂected the number of
items stored, or the precision of stored representations.
We used the same stimuli as those in Experiment 1b, but increased the total number of items in the sample array to
four to minimize ceiling effects in the estimates of how
many items were stored. The stimuli were presented simultaneously in Experiment 2a, while they were presented
sequentially (one pair at a time) in Experiment 2b.
3.1. Method
3.1.1. Subjects
Two separate groups of subjects (25 for Experiment 2a,
and 30 for Experiment 2b) participated in a 1 h experimental session for a psychology course-credit at the University
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of Oregon. All subjects reported to have normal or corrected-to-normal vision.
3.1.2. Stimuli
The same stimuli as Experiment 1b were used, and the
number of stimuli was increased to four. Each stimulus
was 4.6° in diameter, and was presented on an imaginary
half-circle, with two stimuli in each quadrant (see Fig. 9).
All stimuli appeared 7.4° from the central ﬁxation point.
Adjacent stimuli were 45° apart from each other and
22.5° from either the horizontal or vertical meridian. Stimuli were presented on a gray background simultaneously in
Experiment 2a or two at a time within the same quadrant
in Experiment 2b.
3.1.3. Procedure
The same procedure as in Experiment 1b was used for
both Experiments 2a and 2b with a reduction in the delay
period from 1 s to 900 ms. The difference between Experiment 2a and 2b was the use of simultaneous (Experiment
2a) versus sequential (Experiment 2b) presentations of
the memoranda. All four stimuli were presented simultaneously for 500 ms in Experiment 2a, whereas in Experiment 2b, the stimuli were presented two at a time within
a single quadrant for 300 ms each with a 600 ms inter-stimulus interval (like in Experiment 1, a trial duration was
longer for the sequential than the simultaneous condition).
After a 900 ms delay period, subjects responded with a
mouse click on a circular probe to indicate the orientation
of the item that was presented in the same position. The
next trial began 1500 ms post response. Each experiment
included eight blocks of 48 trials.
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offsets were larger for the simultaneous condition in
Exp.2a (M = 49.9°, SD = 2.59) than for the sequential presentation in Exp.2b (M = 43.3°, SD = 2.36), F(1, 53) = 3.59,
p = .06. The interaction between the two factors was significant, F(1, 53) = 4.08, p = .05, indicating an ampliﬁed
bilateral advantage in the simultaneous condition. Nevertheless, a simple t-test revealed a signiﬁcant bilateral
advantage in both the simultaneous (M = 47°, SD = 12.47
and M = 52.8°, SD = 11.60, for the bilateral and unilateral
condition, respectively), t(24) = 5.2, p < .01, and sequential
conditions
(M = 41.8°,
SD = 13.64,
and
M = 44.8°,
SD = 14.4, for the bilateral and unilateral condition, respectively), t(29) = 3.75, p < .01 (see Fig. 10). These results again
conﬁrm that the bilateral advantage is not driven by differences in encoding alone.
The key result came from using the analytic procedure
developed by Zhang and Luck (2008) to independently
measure the number and precision of the representations
stored in the bilateral and unilateral conditions. This analysis revealed that the bilateral advantage was due to a reliable difference in the number (Pmem), but not the
resolution (SD) of the stored representations. This result

3.2. Results Exp.2a & 2b
Consistent with the previous results, both encoding
conditions resulted in a signiﬁcant bilateral advantage. A
two (simultaneous versus sequential) by two (bilateral
versus unilateral) analysis of variance revealed a main effect of sample position such that the mean offsets were signiﬁcantly smaller for the bilateral condition (M = 44.4°,
SD = 1.78) than for the unilateral condition (M = 48.8°,
SD = 1.79), F(1, 53) = 42.85, p < .01. There was a marginally
signiﬁcant effect of encoding condition, such that the mean

Fig. 9. The sequence of events in a single trial of the recall procedure for
the simultaneous condition in Experiment 2a.

Fig. 10. Recall error for the unilateral and bilateral displays under the
simultaneous and sequential encoding processes in Experiment 2a and
2b, respectively. The error bar represents 95% conﬁdence interval
(Cousineau, 2005).

Fig. 11. Probability that the probed items were stored in memory (i.e.,
Pmem) for the unilateral and bilateral displays under the simultaneous and
sequential encoding processes in Experiment 2a and 2b, respectively. The
error bar represents 95% conﬁdence interval (Cousineau, 2005).
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was obtained in both the simultaneous and sequential conditions (see Fig. 11 for Pmem and Fig. 12 for SD). A simple ttest for the simultaneous encoding condition in Exp.2a
showed a signiﬁcantly higher probability that the probed
items were in memory (i.e., Pmem) for the bilateral display
(M = .57, SD = .17) than for the unilateral display (M = .51,
SD = .15), t(24) = 3.67, p < .01, but not for the precision
of the probed items (i.e., SD), p = .65. The sequential encoding condition in Exp.2b revealed the same pattern such
that Pmem was signiﬁcantly higher for the bilateral display
(M = .65, SD = .16) than for the unilateral display (M = .61,
SD = .18), t(29) = -2.51, p = .02. Again, mnemonic precision
(SD) in the sequential condition was equivalent between
the bilateral and unilateral displays, p = .46. A 2 (encoding
condition) by 2 (sample display) analysis of variance on
Pmem revealed a signiﬁcant main effect of sample display,
with higher Pmem for the bilateral display (M = .61,
SD = .02) than the unilateral display (M = .56, SD = .02),
F(1, 53) = 19.82, p < .01. There was also a signiﬁcant main
effect of encoding condition, with higher Pmem for the
sequential condition (M = .63, SD = .03) than for the simultaneous condition (M = .54, SD = .03), F(1, 53) = 4.60,
p = .04. The interaction between the two factors was not
signiﬁcant, indicating that the size of a bilateral advantage
did not depend on whether the items were presented
simultaneously or sequentially.
Further analysis showed that our results were well explained by the mixture model of Zhang and Luck (2008),
containing the two components, P(mem) and S.D. A uniform Gaussian distribution alone, whose width should correspond to the precision of stored item, could not account
for the observed results as well as the mixture model for
both Experiment 2a and 2b (see Figs. 13 and 14, respectively). More speciﬁcally, although a pure Gaussian distribution explained a moderate amount of variance for both
the uni- and bi-lateral conditions in Experiment 2a
(R2 = .65 and R2 = .68, respectively), it differed signiﬁcantly
from the observed distribution (at .01 a level on Kolmogorov–Smirnov (k–s) test). The mixture model resulted in a
better ﬁt for both display types (R2 = .99 and p > .1 on k–s
test for both display types). Likewise in Experiment 2b,

Fig. 12. Precision of the stored representations (i.e., SD) for the unilateral
and bilateral displays under the simultaneous and sequential encoding
processes in Experiment 2a and 2b, respectively. The error bar represents
95% conﬁdence interval (Cousineau, 2005).

Fig. 13. A distribution across all subjects for recall error for the uni- and
bi-lateral displays under the simultaneous encoding processes in Experiment 2a. The two dotted lines correspond to a ﬁt for the mixture model
(blue) and Gaussian distribution (green). The proportion of response was
calculated by the frequency of response in each bin divided by the total N.
(For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

the same amount of variance was explained by the mixture
model (R2 = .99 and p > .1 on k–s test for both display
types), and less variance was explained by a pure Gaussian
((R2 = .72 and R2 = .74 for the uni- and bi-lateral displays,
respectively), with poorer ﬁt (.01 alpha level on k–s test
for both display types).
Although these ﬁndings conform well to the assumptions of the mixture model, we also considered the alternative view (Bays, Catalao, & Husain, 2009) that the putative
random component of the response distribution postulated
in the mixture model could be largely explained by cases in
which subjects accidentally reported the value of a different item from the one probed (i.e., mislocalization errors).
Given that the values between stimuli varied randomly,
such errors would produce seemingly random responses,
even if subjects had stored the probed item. Bays et al.
tested this hypothesis by examining whether there were
reliable tendencies for observers to report non-target values during a recall procedure modeled after that used by
Zhang and Luck (2008). Indeed, their ﬁndings revealed that
a preponderance of the responses that were randomly related to the target value could be accounted for by a tendency to report values from other stimuli in the sample
array. Hence, we re-analyzed Experiment 2 with the goal
of determining the proportion of response errors that could
be explained by a tendency to report the value of non-target items from within the same sample array. In this analysis we calculated the deviation between each individual
trial response and each of the three non-target values in
that trial. According to the Bays et al. (2009) hypothesis,
this should reveal a clear association between subject responses and non-target values, such that the preponderance of individual subject responses could be attributed
to either target or non-target values from the corresponding trial. Our ﬁndings were not fully in line with these predictions. One issue we encountered was the number of
subjects whose response distributions for the non-probed
items were so random (i.e., no evidence that responses
were centered around distractor values) that the model
could not compute the appropriate parameter values (13
out of 25 subjects in Experiment 2a, and 9 out of 30 subjects in Experiment 2b). By contrast, every subject tested
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Fig. 14. A distribution across all subjects for recall error for the unr and
bHateral displays under the sequential encoding processes in Experiment
2b. The two dotted lines correspond to a ﬁt for the mixture model (blue)
and Gaussian distribution (green). The proportion of response was
calculated by the frequency of response in each bin divided by the total
N. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

could be effectively described by the mixture model when
only the target values were used to compute response offsets. Therefore, our analysis here was based on the aggregate data across all subjects, rather than on individual
basis. Overall, we found a non-zero but modest tendency
for subjects to report the values of the non-probed items.
Critically for the present purposes, the probability of
reporting non-target values was equivalent in the unilateral and bilateral conditions. In the simultaneous condition
of Experiment 2a, only 2% of subjects’ responses could be
attributed to the accidental report of non-target values in
both the unilateral and bilateral conditions. In the sequential condition of Experiment 2b, the rates somewhat increased, and 6% and 5% of response offsets could be
attributed to non-target reports in the unilateral and bilateral conditions, respectively1. In the sequential condition,
however, since the 1% higher misreport was in the unilateral
condition, we examined its signiﬁcance further to see if the
higher incidence of reporting one of the non-probed items in
the unilateral condition had indeed driven the observed
bilateral advantage. For this analysis, we used individual
data and re-examined a bilateral advantage without these
subjects who showed a higher probability of reporting
non-target values in the unilateral condition. If such misreport was the source of the bilateral advantage, excluding
their data should eliminate the observed bilateral advantage. Inconsistent with this hypothesis, the bilateral advantage remained reliable when all subjects who showed an
increased tendency to report non-target values in the unilateral condition were removed from the analysis. Thus, the
bilateral advantage for memory could not be explained by
differences in the frequency of reporting non-target values.
Finally, the results of Experiments 2b replicated the key
ﬁnding in Experiments 1a and 1b that there was a signiﬁ-

1
We also analyzed the sequential condition of Experiment 2b in terms of
non-probed items separately for those presented together with the target
item versus those that appeared on a different sample display from the
target’s. Again, our results stayed unchanged, such that incidence of
mislocalization was indistinguishable between the uni- and bi-lateral
presentations regardless of whether the items were presented with targets
or not.
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cant bilateral advantage even when the analysis was restricted to only the items presented ﬁrst in the
sequential condition. There was a reliable bilateral advantage for the items presented ﬁrst in the sequential condition, t(29) = 2.95, p = .01, (M = 52.1°, SD = 15.4, and
M = 55.8°, SD = 15.9 in the mean offsets for the bilateral
and unilateral condition, respectively). Likewise, a signiﬁcant bilateral advantage was also found for the items presented second in the sequential condition, t(29) = 2.77,
p = .01, (M = 31.3°, SD = 14.8, and M = 33.9°, SD = 16.6 in
the mean offsets for the bilateral and unilateral condition,
respectively). The interaction between order and sample
position was not signiﬁcant, indicating that the size of
the bilateral advantage was equivalent for the items presented ﬁrst and second. There was, however, a signiﬁcant
main effect of order such that the mean offsets were smaller for the items presented second (M = 32.6, SD = 2.83)
than for the items presented ﬁrst (M = 54.0, SD = 2.79),
F(1, 29) = 77.12, p < .01. These results underscore the previous conclusions by demonstrating that encoding differences cannot explain the bilateral advantage in this task.

4. General discussion
Past studies have shown enhanced performance when
visual information is presented in both the right and left
visual hemiﬁelds, as opposed to when the same amount
of information is presented in one hemiﬁeld. This bilateral
advantage has been demonstrated in several tasks requiring a rapid initial encoding (e.g., Awh & Pashler, 2000; Reuter-Lorenz et al., 1999; Sereno & Kosslyn, 1991). The most
striking demonstration, however, came from a multiple object tracking procedure (Alvarez & Cavanagh, 2005) that
found a doubling of tracking capacity in the bilateral condition. Although various studies have suggested overlap
in the key cognitive processes that mediate tracking and
WM storage, a bilateral advantage in working memory
has not been consistently demonstrated. The present study
provides conclusive evidence for a bilateral advantage in
visual working memory for orientations while ruling out
the possibility that differences in encoding were responsible for superior performance in the bilateral condition. This
encoding explanation was refuted through the demonstration of a bilateral advantage even when the stimuli were
presented one hemiﬁeld (i.e., quadrant) at a time in both
the bilateral and unilateral conditions. Moreover, the bilateral advantage in this sequential condition was still evident when only the items presented ﬁrst were included
in the analysis. This analysis provides a stronger test of
whether the bilateral advantage would be robust in the absence of encoding differences, given that encoding of the
items presented second could theoretically have been affected by the concurrent maintenance of items that had
been presented in the same visual ﬁeld. Thus, the maintenance of stimulus orientations in visual WM is enhanced
by bilateral presentations of the memoranda.
We further inquired into which aspect of memory storage was facilitated by the bilateral presentation of stimuli.
The bilateral advantage could be due to the storage of a larger number of items when the sample display was distrib-
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uted across both the left and right hemiﬁelds. Alternatively, the advantage could reﬂect higher mnemonic precision in the bilateral condition. By utilizing an analytical
procedure to separately measure the number and resolution of the stored representations (Zhang & Luck, 2008),
we found that bilateral presentations led to a higher probability that the critical item was stored rather than a higher
resolution of the stored representations. This ﬁnding may
seem counterintuitive at ﬁrst, given a presence of a bilateral advantage when the capacity estimates were presumably at near ceiling in Experiment 1. Our working
hypothesis is that even with sub-span arrays, there is a
small probability that the critical item is dropped from
memory by the time that subjects recall the probed value;
thus, the bilateral advantage in such displays may reﬂect a
reliable increase in such drops in the unilateral condition.
Furthermore, our ﬁndings cannot be explained by an increased tendency to report non-target values in the unilateral condition (Bays et al., 2009). Although past studies
have reported evidence of such non-target reports, the
present data revealed very low rates of non-target reports
that were no more likely in the unilateral than in the bilateral condition. Thus, although there is already robust evidence for a bilateral advantage during the initial stages of
target selection (Alvarez & Cavanagh, 2005), the present
data suggest that later stages of processing such as maintenance and storage in WM are also enhanced by bilateral
presentations of visual information.
Although we showed evidence of a bilateral advantage
for memory storage, the effect was substantially smaller
than the one observed by Alvarez and Cavanagh, who
found a doubling of tracking capacity in the bilateral relative to the unilateral condition. Obviously, the modest effect sizes in the current work fall well short of that mark.
Although our current study does not offer a clear explanation for this discrepancy, we can provide a few speculations. As Alvarez and Cavanagh (2005) and Delvenne
(2005) suggested, the bilateral advantage may have inﬂuenced a process of stimulus selection that relies strongly
on independent hemispheric resources. Indeed, past studies linking top-down selection processes and maintenance
in visual WM (e.g., Awh & Jonides, 2001; Awh, Jonides, &
Reuter-Lorenz, 1998; Awh, Vogel, & Oh, 2006) suggest that
a similar selection through attention-based rehearsal process may also contribute to the subsequent storage of
information in visual WM. One possibility is that brief
interruptions in this ongoing selection process may have
reliable but relatively small effects on the probability of
successful maintenance, if the decay of unrehearsed information is relatively gradual. By contrast, even a momentary failure of selection while tracking moving objects
could lead to immediate confusions with nearby distractor
objects. This speculation raises a related possibility. Perhaps the bilateral advantage is ampliﬁed when there is
strong competition from irrelevant distracters. The multiple object tracking procedures employed by Alvarez and
Cavanagh (2005) required constant selection of incoming
visual information due to sustained interference from irrelevant visual stimuli. By contrast, all items in the current
memory tasks were relevant targets. Hence the presence
of to-be-suppressed information in the tracking task might

have increased the magnitude of a bilateral advantage. Future research can examine whether the magnitude of the
bilateral advantage is modulated by interference during
encoding or maintenance phases of working memory
tasks.
It is also important to consider why past studies have
not yielded consistent evidence for a bilateral advantage
in working memory or other attention tasks such as visual
search. Prior to the present ﬁndings, the study by Delvenne (2005) has provided the only clear evidence of a
bilateral advantage in a visual working memory task.
However, there are two important aspects of the literature
that are worth noting. First, past failures to obtain a bilateral advantage in working memory had examined memory
for color (Delvenne, 2005; Xu & Nakayama, 2007). In line
with these null results, unpublished data from our own
laboratory found no trace of a bilateral advantage in color
memory procedures, even when the same recall procedure
as our current task was employed. It is possible that a
bilateral advantage only inﬂuences storage success within
speciﬁc stimulus domains. Delvenne’s procedures required
memory for absolute stimulus position, while ours required memory for orientation; from the perspective of
the dorsal/ventral dichotomy in visual perception
(Ungerleider & Mishkin, 1982) perhaps the bilateral
advantage affects memory for dorsal rather than ventral
stream visual properties. This speculation falls in line with
the suggestion from Alvarez and Cavanagh (2005) that the
bilateral advantage may primarily inﬂuence how attention
is deployed to spatial information, as is in the case of
tracking and spatial memory task, but not to identity
which visual search and color information necessitate.
Clearly, further research is needed to determine the
boundary conditions of this effect. A second factor that
we suspect may be important is the speciﬁc experimental
procedure that is used to detect the effect. Our own pilot
work suggests that the change detection paradigm – despite its obvious utility for the study of many other aspects
of WM – may not be a sensitive method to document a
bilateral advantage. Although we have never failed to replicate the bilateral advantage for orientation using recall
procedures such as those reported here, the same stimuli
when used in a change detection procedure have not
yielded consistent outcomes. Provided that a bilateral
advantage for memory storage is markedly small, the
change detection paradigm might obscure small effects
due to its reliance on coarse two-alternative forced-choice
responses.
To conclude, our results provide evidence that even a
relatively late-stage cognitive process such as maintenance
and storage in visual WM shows a beneﬁt when incoming
visual information is initially received by both hemispheres rather than by a single hemisphere. Although the
current data do not offer direct evidence for complete
hemiﬁeld independence in visual working memory, we
showed a reliable bilateral advantage for the probability
of storage, but not for the resolution of the stored representations. Future research will be necessary to characterize how the two hemispheres coordinate with one another
to maximize the information that can be maintained in this
online workspace.
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