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Why is information displaced from visual working

memory during visual search?

Geoffrey F. Woodman

Vanderbilt Vision Research Center, Center for Integrative and Cognitive

Neuroscience, Vanderbilt University, Nashville, TN, USA

Steven J. Luck

Center for Mind and Brain, University of California at Davis, Davis, CA, USA

Research has shown that performing visual search while maintaining representations
in visual working memory displaces up to one object’s worth of information from
memory. This memory displacement has previously been attributed to a nonspecific
disruption of the memory representation by the mere presentation of the visual
search array, and the goal of the present study was to determine whether it instead
reflects the use of visual working memory in the actual search process. The first
hypothesis tested was that working memory displacement occurs because observers
preemptively discard about an object’s worth of information from visual working
memory in anticipation of performing visual search. Second, we tested the
hypothesis that on target absent trials no information is displaced from visual
working memory because no target is entered into memory when search is
completed. Finally, we tested whether visual working memory displacement is due
to the need to select a response to the search array. The findings rule out these
alternative explanations. The present study supports the hypothesis that change-
detection performance is impaired when a search array appears during the retention
interval due to nonspecific disruption or masking.

Keywords: Visual attention; Visual working memory; Visual search; Dual-task

paradigm; Biased competition.

Models of cognition and attention propose that visual working memory

plays a pivotal role in many tasks and cognitive operations. For example,

models of visual search have proposed that visual working memory is used
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to store a template of the target (e.g., Desimone & Duncan, 1995), categorize

the objects in the search array (e.g., Bundesen, 1990), and compare the target

representation to possible target objects (e.g., Duncan & Humphreys, 1989).

These central roles for visual working memory in search have been drawn

into question by empirical findings that the efficiency of visual search is not

impaired by simultaneously maintaining objects in visual working memory

in service of a change-detection task (Oh & Kim, 2004; Woodman, 2002;

Woodman, Vogel, & Luck, 2001). This previous work found that, although

search efficiency was unchanged during concurrent task performance, some

information was displaced from visual working memory when search was

performed. The present study tests three hypotheses regarding the cause of

the loss of information from visual working memory. First, we tested the

hypothesis that information is expelled from visual working memory in

anticipation of the need to perform visual search. Second, we tested whether

information is displaced from visual working memory by the target entering

this limited-capacity memory store. Third, we tested the hypothesis that

information is displaced from visual working memory due to the need to

perform response selection during visual search. Thus, the present study

serves to further characterize how visual working memory representations

influence the perception of new information and visually guided behaviour.
Numerous models of visual search have proposed that visual working

memory is critical for processing objects in complex visual arrays. One set of

models propose that a target template is stored in visual working memory

during visual search (Bundesen, 1990; Desimone & Duncan, 1995; Duncan &

Humphreys, 1989).1 This template representation is hypothesized to bias

neurons in visual cortex to preferentially process objects in the visual field

with similar features. In addition, some of these models also propose that

when possible target objects are selected by attention that they need to be

encoded into visual working memory to be compared with the target

representation (Bundesen, 1990; Duncan & Humphreys, 1989). Given the

pivotal roles that visual working memory is proposed to play in models of

visual search, it is necessary to empirically test whether visual search depends

upon visual working memory. Woodman et al. (2001) previously tested such

models using dual-task experiments that required participants to perform

visual search during the retention interval of a change-detection task.

Using a dual-task paradigm introduced decades before (i.e., Logan, 1978),

Woodman et al. (2001) studied the nature of the interactions between visual

working memory and attentional selection during search by requiring

1 Several models of attention and a number of studies of temporary memory use the term

‘‘visual short-term memory’’ instead of ‘‘visual working memory’’. Because these terms appear

to refer to the same construct, the term ‘‘visual working memory’’ is used to refer to the

temporary memory store for visual object representations throughout this paper.
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observers to perform visual search during the retention interval of a change-

detection task. On dual-task trials, observers were first shown a sample array

of objects to remember for 500 ms followed by a 500 ms blank interval. Then,

a visual search array was presented for 4000 ms followed by another 500 ms
blank interval; the observers made a speeded response to the search array.

Finally, a memory test array was presented for 2000 ms, and the observers

reported whether the sample and test arrays were identical. Single-task

conditions were also tested (memory alone and search alone), in which the

stimulus arrays for the other task were replaced with blank intervals. The

search elements were different spatial configurations of the same line

segments that formed Landolt-C-like stimuli. During the search task

observers were required to find one of these objects with a gap on its top
or bottom and press the appropriate button to indicate the identity of the

target on that trial. At the same time participants were required to hold in

visual working memory representations of four coloured squares (Experi-

ment 1) or four Landolt-C stimuli that were identical to the search elements

(Experiment 2). Woodman and colleagues found that the slopes of the search

functions were not different whether search was performed during the

retention interval of the change-detection task or search was performed in

isolation. These findings show that the efficiency of visual search is not
impaired by performing visual search when visual working memory is full.

The findings of Woodman et al. (2001) challenge models of the operation

of visual attention during visual search, which propose that visual working

memory plays several key roles in visual search, as discussed earlier.

However, it is important to consider whether observers simply discarded

information from visual working memory so that they could perform the

search task efficiently. If so, then these findings would not provide a

challenge to theories of search.
In an initial attempt to address this issue, Woodman et al. (2001)

examined whether change-detection accuracy declined in the dual-task

condition compared to the memory-alone single task condition. They found

that performing visual search during the memory retention interval did

indeed reduce change detection accuracy relative to the baseline condition in

which the retention interval was blank and no search task was performed.

Specifically, the amount of information available in working memory at the

time of test was reduced by an amount comparable to 0.5�1 objects when
search was performed concurrently. This reduction in change-detection

performance was approximately the same magnitude regardless of the set

size of the search array presented during the retention interval.

Insensitivity to the set size of the search array suggested that the

interference was caused by the mere presentation of the search array and

did not depend upon the search task itself. To test this hypothesis, Woodman

et al. (2001) conducted an additional experiment in which the participants
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were instructed to completely ignore the search arrays. Passively viewing the

visual search arrays lead to approximately the same magnitude drop in

change-detection accuracy as performing visual search on these arrays. This

reduction in the ability of observers to maintain the object representations in
visual working memory was not spatially specific, because the search arrays

never spatially overlapped with the change-detection stimuli in any of the

experiments. Thus, Woodman et al. concluded that information was being

displaced from visual working memory due to the search arrays having a

nonspecific disruption or masking effect on the stored representations of the

objects from the memory array. Typically, masking is observed when the

masks appear close in space and time to the masked stimulus (Breitmeyer,

1984). The disruption of visual working memory observed in Woodman
et al. was called nonspecific because the search arrays and memory arrays

were presented far apart in both space (i.e., at least 0.5 degrees of visual

angle) and time (i.e., 500 ms).

However, it is possible that the subjects performed some sort of search on

the stimuli in this experiment even though they were instructed to ignore the

search arrays. This alternative explanation is based on the fact that the search

arrays that were passively viewed were identical to those used in the

experiments that required search for an object in the array. Specifically,
each array contained a unique object (one square with a gap up or down) in

the context of dissimilar distractors (stimuli with gaps left and right). It is

possible that subjects noticed that each of the arrays shown during the

retention intervals had a unique element embedded in it. That is, as with all

passive-viewing conditions, experimenters lose control over what task is

performed and subjects essentially choose what task to perform for

themselves. As a result, it is possible that having noticed this regularity in

every search array, the observers spontaneously started searching for the
unique object in the arrays during the 4 s that the search array was presented

on each trial. Having found the unique object they stored it in visual working

memory. Thus, this experiment did not conclusively rule out the possibility

that an active search process was responsible for the observed reduction in

memory performance.

Because of the substantial theoretical importance of the role of visual

working memory in visual search, we sought to test several alternative

explanations for the reduction in working memory performance that occurs
when a search task is interposed during the delay interval. Experiment 1

tested the hypothesis that that information is expelled from working memory

in expectation of performing visual search. Experiment 2 tested the

hypothesis that the visual search target is stored in visual working memory

once it is detected. Experiment 3 tested the hypothesis that it is necessary to

store some form of information about the search array in visual working

memory to generate a response. Although each of these hypotheses is based
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on well-respected theories of attention, none of them was supported by the

results of the experiments. These results are therefore best explained by the

original hypothesis, namely that the presentation of a new stimulus array

produces a nonspecific disruption of visual working memory. This increases

the strength of the conclusion that the object working memory system is not

used for typical visual search tasks.

EXPERIMENT 1

The findings of Woodman et al. (2001) are consistent with the predictions

of models, such as the biased competition account (Desimone & Duncan,

1995), that propose a target representation is entered into visual working

memory to bias perceptual attention to target items. Such models are not

specific about when the target template is encoded into visual working

memory. However, one logical possibility consistent with neurophysiologi-

cal data (e.g., Chelazzi, Miller, Duncan, & Desimone, 1993) is that this is

done in advance of the presentation of the search array to give the

template representation the opportunity to influence the appropriate

posterior visual cells that are selective for the features of the target.

Alternatively, other models propose that some or all of the information in

visual working memory can be strategically expelled to provide the

representational space necessary for search to be performed (Duncan &

Humphreys, 1989). Thus, multiple models are consistent with the predic-

tion that a subset of the information stored in visual working memory

would be displaced in anticipation of performing visual search. To test this

prediction, we required observers to perform visual search for a target

among 3, 7, or 11 distractor objects during the retention interval of a

change-detection task. Unpredictably and infrequently, we interleaved trials

in which no search array was presented during the retention interval.

Change-detection performance on these blank trials provided a measure of

whether information was displaced from visual working memory when the

observers anticipated performing a search task but no array was presented.

If a target template representation is encoded into visual working memory

prior to search to bias attention towards similar objects, then we should

also observe decreased change-detection accuracy on these blank trials

relative to the condition in which only the memory task was performed. In

contrast, if information is displaced from visual working memory due to

nonspecific masking or disruption of maintenance, then change-detection

performance should be similar on the blank trials in the dual-task

condition and in the condition in which only the memory task was

performed.
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Methods

Participants. The participants were 10 undergraduates (aged 18�32)

from the University of Iowa who all had normal or corrected-to-normal

vision. They participated for partial fulfilment of a course requirement after

informed consent was obtained.

Stimuli. The stimuli were presented on a homogeneous grey background

(9.9 cd/m2) on a PC-controlled CRT. As illustrated in Figure 1, the memory

stimuli consisted of four coloured squares (each 0.458�0.458) that were

centred 0.688 from fixation. The colour of each square was selected without

replacement from a set of seven colours (red, green, blue, black, white,

yellow, and violet; see Vogel, Woodman, & Luck, 2001 for precise colour

values).

The search arrays were composed of 4, 8, or 12 black squares with gaps

(each 0.458�0.458, 0.088 line thickness, 0.128 gap width, �0.01 cd/m2). The

nontarget objects had gaps on either the left or right side and the targets had

a gap on the top or the bottom of the square. The items were presented in a

6.18�6.18 region, beginning at least 18 from fixation, with a minimum

centre-to-centre interobject distance of 0.68. To control for possible effects of

density differences between set sizes (e.g., Cohen & Ivry, 1991), the items

were presented in groups of four in each quadrant and the number of filled

quadrants was manipulated.

500
ms

500
ms

“ab cda b.. .”

500
ms

++

Red

Blue

Black

Yellow

2000
ms

Memory-Test Array

+

Violet

+

Search Array

4000
ms

+

Blank

Memory-Sample Array

Figure 1. An example of the sequence of stimuli presented during the dual-task condition of

Experiment 1. The letters to the left indicate that subjects began each trial by repeating the

articulatory-suppression load. There were 500 ms intervals between each stimulus frame in which the

screen was blank except for the central fixation point.
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Procedure. Figure 1 depicts an example of the sequence of events that

occurred on each trial in the dual-task condition. Following the 500 ms

presentation of a central fixation cross the memory array of four coloured

squares was presented for 500 ms. Then, a 500 ms blank interval preceded

the 4000 ms presentation of the search array. Observers were instructed to

use their index and middle fingers on their dominant hand to respond as fast

as possible to the search array by pressing one of two buttons on a game pad

indicating whether the target on each trial had a gap up or down. On 25% of

randomly selected dual-task trials, no search array was presented but was

replaced with a 4000 ms blank interval. Finally, an additional 500 ms blank

interval preceded the presentation of the memory-test array for 2000 ms. The

index and middle fingers on their nondominant hand were used to report

whether each memory-test array was identical to the memory-sample array

or differed in that one of the colours was replaced with a colour not seen in

the memory array. For the memory task accuracy was stressed and responses

were unspeeded.

In the memory-alone condition, the search array was replaced by a

4000 ms blank interval. Similarly, in the search-alone condition the memory

and memory-test arrays were replaced by blank intervals. The three

conditions were blocked with 48 trials per set size in the search and dual-

task conditions and 48 change-detection trials in the memory-alone

condition. Order of conditions was randomized for each participant.

Approximately 10 practice trials were given prior to each condition block.

At the beginning of each block of trials, observers were shown a set of four

letters or digits that they were required to repeat aloud during each trial of

that block. The white alphanumeric characters (either, ‘‘a, b, c, d’’, ‘‘w, x, y,

z’’, ‘‘1, 2, 3, 4’’, or ‘‘6, 7, 8, 9’’) were presented for 1500 ms, 1500 ms before

the beginning of the first trial. Participants were allowed to stop articulating

the verbal load at the end of the block of trials at which time they were

allowed to take as long a break as they required before continuing.

Analysis. The visual search reaction times (RTs) were entered into an

ANOVA with the factors of condition (search-alone versus dual-task

search) and set size (4, 8, or 12 items). Change-detection performance

was analyzed by entering accuracy from each condition and search set size

into an ANOVA (memory-alone, set size 4, 8, 12, or no-search array) and

then performing planned pairwise comparisons. We also used change-

detection accuracy to compute K values (Cowan, 2001; Pashler, 1988),

which serves to estimate the number of object’s worth of information

stored in visual working memory across conditions (e.g., Woodman et al.,

2001).
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Results

Visual search accuracy was high across all trial types and subjects (i.e., above

96.5% correct) and did not significantly differ between conditions or set sizes

(FB1). Mean visual search RTs are shown in Figure 2A. We found that

search RT was approximately 311 ms slower in the dual-task condition than

in the search-alone condition across all set sizes, but this was due to a

difference in y-intercept rather than a difference in slope. Specifically, the

slopes of the search functions were very similar at 49.9 ms/item in the dual-

task condition and 57.1 ms/item in the search-alone condition. Supporting

these observations are the results of the ANOVA that yielded a significant

main effect of set size, F(2, 18)�108.68, p�.001; the effect of condition

approached significance, F(1, 9)�2.21, p�.17, but no interaction between

these factors was found (FB1.0).

Memory
Alone

SS4 SS8 SS1 2

Search & Memory

50

60

70

80

90

100

No Array

Set Size
4 8 12

Search & Memory

Search Alone 

800

1200

1600

2000 A

B

Figure 2. The results from Experiment 1. (A) The visual search RTs from the dual-task condition

(dashed lines, empty symbols) and the search-alone condition (solid lines, filled symbols). (B) The

change-detection accuracy in the memory-alone condition, left, and the dual-task condition as a

function of set size or the presentation of a blank, right. The error bars in this and all subsequent

figures show the 95% within-subject’s confidence intervals (Loftus & Loftus, 1988).
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Of primary interest in the present study was how the different types of

search trials in the dual-task condition influenced change-detection

performance. As shown in Figure 2B, observers were less accurate at

detecting changes when a search array was presented. This resulted in a

significant effect of trial type, F(4, 36)�8.03, p�.001. However, the size of

the impairment on the change-detection task was not sensitive to the set

size of the interposed search array (for set size 4, 8, and 12 accuracy was

74.4%, 70.3%, and 72.5% correct, respectively) and therefore did not differ

significantly between set sizes (all pairwise ps�.25). On the no-search array

trials, change-detection performance was statistically indistinguishable from

accuracy in the memory-alone condition (83.4% vs. 83.6%, respectively,

FB1.0) and change-detection performance in both of these contexts was

significantly better than accuracy on any of the search trials in planned

comparisons (all psB.05). To provide another way to quantify change-

detection performance, we also calculated K from the mean hit and false-

alarm rates. K estimates were very similar in the memory-alone condition

(K�2.70 objects) and on no-search array trials (K�2.67 objects) but were

reduced by approximately one object’s worth of information when search of

any set size was performed during the retention interval (K�1.95, 1.63,

and 1.80 for set size 4, 8, and 12 trials, respectively). In summary, change-

detection performance was approximately equal during the memory-alone

condition and the no-search array trials and performance was superior on

both of these trial types compared to when any search array was processed

during the retention interval.

Discussion

In Experiment 1 we replicated previous reports that the efficiency of visual

search was not impaired by concurrently maintaining objects in visual

working memory to perform a change-detection task (Oh & Kim, 2004;

Woodman et al., 2001). In addition, we found that when search was

performed during the retention interval of the change-detection task

approximately one object’s worth of information was displaced from visual

working memory. These change-detection results also replicate those

reported in Experiment 1 of Woodman et al. (2001). However, of primary

interest was change-detection performance on the no-search array trials in

the dual-task condition. If information were expelled from visual working

memory due to the expectation of performing visual search, then change-

detection performance on the no-search array trials would be similar to that

on the randomly interleaved search trials. In contrast, we found that change-

detection performance on the blank trials in the dual-task condition was

equivalent to accuracy in the memory-alone condition. These results support
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the hypothesis that information is not displaced from visual working

memory in anticipation of performing visual search.

Information could have been expelled from visual working memory in

preparation for performing visual search for a variety of reasons. Theories of

attention propose that a target template representation is encoded into visual

working memory in preparation for performing visual search (Desimone &

Duncan, 1995). The working memory template then biases perceptual

processing mechanisms to select similar perceptual inputs. It has also been

suggested that if search is to be performed and visual working memory is full

that some or all of the contents of this memory store may be purged to

provide representational space for the search elements to be encoded into

memory (Duncan & Humphreys, 1989). This is necessary in several models

because they propose that visual working memory is where representations

of items in the search array are categorized and compared to the target

template during search (Bundesen, 1990; Duncan & Humphreys, 1989). The

findings reported here provide evidence that contradicts these theoretical

predictions because they show that information was not displaced from

visual working memory in anticipation of performing visual search even

when visual working memory is full.

Although the present findings challenge models of visual search that

propose visual working memory target representations bias attention toward

target items, these findings may be consistent with a role for visual working

memory in storing the target representation once it is found. Thus, the next

hypothesis we tested was that information is displaced from visual working

memory by the encoding of the target into visual working memory once

perceptual attention is focused on it.

EXPERIMENT 2

In Experiment 2, we tested the hypothesis that the necessity to encode the

visual search target into visual working memory displaced object representa-

tions maintained in service of the change-detection task. The experiments

reported in Woodman et al. (2001) always used a search paradigm in which a

target was present on each trial and the observers’ task was to report which

of two possible target shapes was presented. A target was always presented

to discourage subjects from adopting a time-out strategy for no-target

responses during visual search (Chun & Wolfe, 1996). This aspect of the

experimental design leaves open the possibility that the drop in change-

detection accuracy observed in the previous experiments was due to the

search target representation being encoded into the visual working memory

store. In Experiment 2, we tested this hypothesis by requiring observers to

perform a target present versus absent visual search task in which no target

10 WOODMAN AND LUCK
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object was present in half of the search arrays. We predicted that if the target

were displacing information from visual working memory, then on target

absent trials change-detection performance should be equivalent to change-

detection accuracy in the memory-alone condition. However, if information
is displaced by the presentation of any array of objects, as predicted by the

nonspecific disruption or masking account, then change-detection should be

worse on target absent trials compared to performance in the memory-alone

condition.

Method

The methods used in Experiment 2 were identical to those of Experiment 1

with the following exceptions. A new group of 10 observers participated for

course credit after informed consent was obtained. The search task in the

search alone and dual-task conditions required a target present versus target
absent response on each trial. Target present and absent trials were equally

probable and randomly interleaved. The target object was either a square

with a gap on the top or on the bottom (counterbalanced across

participants), and distractors were squares with gaps left and right. Unlike

in Experiment 1, there were no trials in the dual-task condition in which no

search array was presented. In sum, the design of the present experiment was

identical to Experiment 1 in Woodman et al. (2001) with the exception that

targets were only present on half of the trials and the response observers
needed to make indicated target present versus absent on each trial.

Results

Accuracy of the responses to the visual search arrays was above 94.6%

correct across all trials types and did not significantly differ across

conditions and set sizes (FB1). The mean target present and absent search

RTs are shown in Figure 3A. As is evident from this graph, responses were

faster in the search-alone condition (mean�1547.7 ms) than in the dual-

task condition (mean�1733.8 ms) across set sizes and target present and

absent trials. Performing visual search in the dual-task condition resulted in

a y-intercept difference compared to search alone but the slopes of the search
functions between conditions were essentially the same. That is, RT

increased more rapidly with set size when the target was absent than when

it was present, but the slopes of the search functions were similar for search

performed alone (target absent�146.1 ms/item; target present�60.7 ms/

item) or during the dual-task condition (target absent�131.9 ms/item;

target present�54.6 ms/item). These patterns of visual search RTs led to

significant main effects of condition, F(1, 9)�9.99, pB.05, target presence,
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F(1, 9)�136.97, pB.001, and set size, F(2, 18)�203.31, pB.001. There was

also a significant interaction of set size and target presence, F(1, 9)�34.19,

pB.001. No other interactions were significant (ps�.20).

Change-detection accuracy for each trial type is shown in Figure 3B.

Accuracy was highest in the memory-alone condition (mean�83.0%

correct) and lower when any type of search array was viewed during the

retention interval in the dual-task condition (means�74.1, 77.2, 75.5, 72.1,

70.8, 66.1% correct, for target present across set size 4, 8, and 12 vs. absent

across the three set sizes, respectively). These observations were confirmed

by the results of an ANOVA with the factors of target presence (present vs.

absent) and set size (4, 8, or 12) from which the main effect of set size

approached significance, F(2, 18)�3.06, p�.072, but neither the main effect

of target presence nor the interaction were significant (ps�.30). Pairwise

planned comparisons of change-detection accuracy in the memory-alone

condition compared to change detection during target absent search trials at

each set size of the dual-task condition resulted in a significant differences

Memory
Alone SS4 SS8 SS12

Search & Memory

50

60

70

80

90

100

Present Absent Present Absent Present Absent

Set Size
4 8 12

800

2800

2000

1200

1600

2400

Search Alone-Present

Search & Memory-Present

Search Alone-Absent

Search & Memory-AbsentA

B

Figure 3. The results from Experiment 2. (A) The visual search RTs from the dual-task (dashed

lines, empty symbols) and the search-alone condition (solid lines, filled symbols) for target present

(circles) and target absent trials (squares). (B) The change-detection accuracy in the memory-alone

condition, left, and the dual-task condition as a function of set size and target presence, right.
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across target absent trials of all set sizes (psB.05). The calculated K value

was a half to one object’s worth of information higher in the memory-alone

condition (K�2.64) than when any of the search arrays were viewed during

the retention interval (Ks�1.90, 2.19, 2.05, 1.77, 1.68, 1.47, for target

present across set size 4, 8, and 12, then target absent across the three set

sizes, respectively). In summary, changes were not detected more accurately

on trials in which the search target was absent compared to target present

trials.

Discussion

In Experiment 2, we found that, regardless of whether a unique target object

appeared in the visual search array, approximately one half to one object’s

worth of information was displaced from visual working memory based on

change-detection performance being less accurate in the dual task than the

memory-alone condition. If it were the case that information was displaced

due to the necessity to encode the target into the visual working memory

store, then change-detection performance would have been unimpaired on

target absent trials. In contrast, we found that change-detection accuracy

was essentially the same on target present and absent trials.

The present findings support the nonspecific masking account of reduced

change-detection performance when a search array is presented in two ways.

First, we found that information was displaced from visual working memory

even when the visual search array did not contain a unique item. This

suggests that the findings from Experiment 3 of Woodman et al. (2001) were

not simply due to the presence of the unique square with a gap up or down in

the context of distractors with gaps to the left and right. Second, Experiment

2 casts serious doubt on the hypothesis that information is displaced from

visual working memory by the encoding of targets because a similar drop in

change-detection performance was found on target absent and target present

trials.

An alternative explanation for the findings of Experiment 2 that does not

appeal to the idea of nonspecific disruption or masking by the search array

is that even on target absent trials a distractor was encoded into visual

working memory to programme the appropriate manual response. In other

words, it is possible that the computational necessity of making an absent

response required that some kind of information (i.e., a distractor) be

encoded into visual working memory. Such an account would predict that,

every time a visual search array requires a response, either a target is encoded

to generate the correct target present response or a distractor is encoded

(e.g., the last distractor to receive the benefit of perceptual attention) to

program the correct target absent response. In contrast, a recent study
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suggests that stimulus-responses mappings may be stored in long-term

memory during search tasks in which the target identity does not change

during the experiment (Woodman, Luck, & Schall, 2007), consistent with

theories of automaticity (Logan, 1988; Logan, Taylor, & Etherton, 1999). To
distinguish between these hypotheses we conducted another experiment in

which participants were required to perform a go/no-go visual search task

with target present (go) and target absent (no-go) trials.

EXPERIMENT 3

The goal of Experiment 3 was to test the hypothesis that the displacement of

information from visual working memory is due to the necessity to encode at

least one item from the search array so that the correct response can be

generated. It should be noted that such a hypothesis would need to account

for the findings of Experiment 3 in Woodman et al. (2001) by some other
process, such as, the obligatory encoding of the unique search element into

visual working memory even when the search arrays were passively viewed.

However, the explanation that displacement occurs due to the necessity to

generate a response cannot be ruled out with existing data. Consistent with

the hypothesis that visual working memory processes can be interfered with

by response selection, Jolicoeur and Dell’Acqua (1998) showed that response

selection in a dual-task paradigm can interfere with working memory

encoding. To test the hypothesis that programming any response to a search
array displaces information from visual working memory we used a design

that was similar to that of Experiment 2. The difference was that the target

absent trials required no response. In the visual search task, participants

responded as fast as possible when they found the search target but made

no response when a target was not present in the array. We predicted that if

response selection was the cause of the informational displacement from

visual working memory then change-detection performance should not be

impaired on target absent trials but would be worse on target present trials.
In contrast, if information is displaced from visual working memory by the

presentation of any stimulus array, as the nonspecific masking account

proposes, then change detection should be similarly impaired on both target

present and target absent trials in the dual-task condition.

Method

The methods used in Experiment 3 were identical to those of Experiment 2

with the following two exceptions. First, a different group of observers

participated after informed consent was obtained. Second, the participants

were instructed to respond by pressing a button with the index finger on
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their dominant hand if a target was present and make no response on the

other half of trials in which no target was present.

Results

The mean visual search accuracy on target present trials was high (above

97.8% correct) and did not significantly differ across conditions and set sizes

(FB1.0). The mean visual search RTs from the target present trials in each

condition are summarized in Figure 4A. Replicating a now familiar pattern,

search RTwas significantly slower when performed in the dual-task condition

(mean�1447.6 ms) than when performed alone (mean�1259.2 ms) with an

essentially constant delay across set sizes. The slopes of the search functions

were nearly identical (72.0 ms/item and 79.4 ms/item in the dual-task and

search-alone conditions, respectively). The ANOVA yielded a marginally

significant effect of condition, F(1, 9)�4.38, p�.066, a significant effect of

Memory
Alone SS4 SS8 SS12

Search & Memory

50

60

70

80

90

100

Present AbsentPresent AbsentPresent Absent

Set Size
4 8 12

800

1200

1600

2000 Search & Memory-Present

Search Alone-Present

A

B

Figure 4. The results from Experiment 3. (A) The visual search RTs from the dual-task (dashed

lines, empty symbols) and the search-alone condition (solid lines, filled symbols) for target present

trials. Target absent trials required no response. (B) The change-detection accuracy in the memory-

alone condition and the dual-task condition as a function of set size and target presence.
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set size, F(1, 9)�114.66, pB.0001, but no interaction between these factors

(FB1.0).

Mean change-detection accuracy is depicted in Figure 4B. Observers were

most accurate at detecting colour changes in the memory-alone condition

(mean�86.8% correct) and less accurate during all of the dual-task trial

types (means�77.7, 77.5, 83.9, 74.4, 67.5, 73.0, on set size 4 target present,

set size 4 target absent, set size 8 target present, set size 8 target absent, set

size 12 target present, and set size 12 target absent trials, respectively). The

ANOVA yielded a significant main effect of set size, F(2, 18)�4.39, pB.05,

but neither the main effect of target presence nor the interaction were

significant (ps�.15). Planned comparisons between change-detection per-

formance in the memory-alone condition and during no-go trials of each set

size in the dual-task condition resulted in a significant difference in memory-

task accuracy between memory-alone performance and each target absent

set size (psB.05). The K values estimating the number of objects’ worth of

information stored in visual working memory during the different types of

trials mirrored the change-detection performance in terms of percentage

correct. More objects were stored in the memory-alone condition (K�2.94)

than during any of the dual-task trials regardless of set size or target

presence (Ks�2.24, 2.21, 2.05, 1.95, 1.68, 2.01, on set size 4 target present,

set size 4 target absent, set size 8 target present, set size 8 target absent, set

size 12 target present, and set size 12 target absent trials, respectively).

Discussion

In Experiment 3, we found that change-detection accuracy was no more

accurate on target absent no-go trials in the dual-task condition than on

target present go trials, whereas memory-task performance was better in the

memory-alone condition than when either a go or no-go search array was

viewed. These findings suggest that information is not displaced from visual

working memory when visual search is performed due to the necessity to

encode either a target or distractor object for a correct manual response to

be programmed. In the present experiment, no response to a target absent

array was necessary, but we again found that information was displaced

from visual working memory on these target absent no-go trials. These

results are what would be expected if nonspecific masking were displacing

information from visual working memory because even the target absent

arrays without a unique search element and no response requirement caused

displacement. In summary, the findings are inconsistent with what would be

expected if information were being displaced from visual working memory

by a search element needed to program the appropriate response on each

trial.
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We note that there were numerical differences between change-detection

accuracy on target present versus absent trials across visual search set sizes.

However, these effects were not systematic and, thus, appear to be due to

noise from the sample. With regard to the hypothesis we tested, if search

targets were displacing information on target present trials but not target

absent no-go trials then change-detection accuracy should be higher on

target absent trials. However, we only found this pattern when the set size of

the intervening search array contained 12 elements. At set size 8 we found a

larger effect in the opposite direction, and accuracy in the two search

conditions at set size 4 were the same. In summary, the change-detection

results do not support the hypothesis that information is only displaced from

visual working memory when the visual search array requires that a response

be generated.
A study by Oh and Kim (2004) focused on the difference between

maintaining spatial locations versus objects in visual working memory

during visual search. However, they also used a visual search task in which

targets were present or absent. They found that change-detection perfor-

mance tended to be lower on target absent compared to target present trials.

This result is the opposite of what one would expect if displacement were due

to the target representation were being encoded into visual working memory.

In Experiments 2 and 3, we found similar trends at some set sizes but did not

find consistent evidence for better change detection on target present than

target absent trials. There were a number of differences between the search

stimuli used in this study and that of Oh and Kim, in addition to possible

strategic differences between groups of participants in determining target

absence (Chun & Wolfe, 1996). However, the findings of the present study

are reliable as they are essentially replicated between Experiment 2 and 3.

The cause of the discrepancy between the present findings and those of Oh

and Kim is a topic of further investigation. Regardless, neither the present

study nor that of Oh and Kim found a pattern of change-detection

performance that would support the hypothesis that the encoding of a

search element into visual working memory is what displaces information

from visual working memory during search.

GENERAL DISCUSSION

This study addressed the role of visual working memory in the performance

of visual search tasks. Although several theories of attention imply that

visual working memory would be used extensively during visual search,

previous research indicated that visual search was not slowed when visual

working memory was occupied by a concurrent change detection task

(Woodman et al., 2001). However, memory accuracy was reduced in this
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dual-task condition compared to a condition in which no visual search array

was presented, raising the possibility that visual working memory is indeed

used during visual search. Woodman et al. (2001) proposed that this

reduction in memory performance was a result of nonspecific disruption of
the memory representation due to the mere appearance of the search array,

but alternative explanations are possible. The present study tested three of

these alternative explanations so that it would be possible to know with

greater confidence whether visual working memory plays a key role in visual

search.

In Experiment 1, we tested the hypothesis that information is expelled

from visual working memory in anticipation of performing visual search.

This was examined by eliminating the search array on a subset of trials so
that anticipatory expulsion could be seen in the absence of any nonspecific

disruption produced by the mere appearance of the search array. We found

that, relative to the memory-alone baseline condition, change-detection

performance was reduced when the search array was actually presented but it

was not reduced when the search array was not presented. Because subjects

could not know in advance whether or not a search array would be

presented, the lack of a memory disruption when the search array was absent

indicates that subjects did not preemptively displace information from visual
working memory in anticipation of performing the visual search task.

Instead, the appearance of the search array triggered the displacement of

information. When combined with previous research showing that the

displacement of information is also produced when subjects are instructed to

ignore the search arrays (Woodman et al., 2001, Exp. 3), these results

support the proposal that the mere appearance of the search array produces

a nonspecific disruption of working memory.

In Experiments 2 and 3, we tested the hypothesis that encoding the target
(or even a distractor) into visual working memory displaces information

stored in visual working memory. We found no evidence to support this

hypothesis. Participants’ change-detection performance was just as accurate

on target present trials as on target absent trials. This was the case even when

the target absent array did not require a response. Thus, the present

experiments rule out a number of theoretical accounts of how visual working

memory’s limited representational space is utilized during visual search.

The nonspecific disruption or masking explanation accounts for the
findings presented here and in Woodman et al. (2001). These findings as a

whole are consistent with the idea that some of the information from the

visual search arrays may force its way into visual working memory displacing

the task-relevant information. The idea that we may be unable to completely

prevent information from disrupting visual working memory maintenance

has been demonstrated using visual working memory tasks in which the

stimuli are presented in a serial fashion. For example, observers appear to be
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unable to keep an obviously task-irrelevant item from disrupting memory for

the previously presented items in a sequence (Parmentier, Tremblay, & Jones,

2004). This visual-suffix effect bears a striking similarity to the irrelevant-

picture effect, in which the presentation of visual stimuli during a retention
interval interferes with memory for the task-relevant information previously

shown (Logie & Marchetti, 1991; Quinn & McConnell, 1996). It is interesting

to note that the loss of information from visual working memory is not

modulated by the set size of the search array. That is, the same amount of

information appears to be displaced from visual working memory regardless

of the amount of information in the visual search array. We note that in a

recent dual-task study, subjects were always shown a visual search array

during the retention interval of a working memory task and instructed to
either search for a target in the array or ignore it (Johnson, Hollingworth, &

Luck, 2008). Given these instructions, subjects showed a larger decrease in

memory-task performance when actively searching and trying to maintain

objects in visual working memory defined by a conjunction of features than

when ignoring the search arrays. This result appears to argue against the

nonspecific masking account because a search array was always presented.

However, this result may also be due to nonspecific masking given that

subjects likely made eye movements during search, and the visual transients
that occurred at each shift of gaze may have produced a larger disruption of

the contents of visual working memory. Reconciling the present findings and

those of Johnson et al. (2008) is the topic of continued study.

It is useful to contrast the present pattern of results with the pattern

obtained under conditions that clearly involve an interaction between visual

working memory and visual attention in visual search. For example, when

the search target is the same from trial to trial, as in most laboratory search

experiments, it seems possible that long-term memory storage could be used
to control the search process. However, working memory would presumably

be necessary in many real-world situations, in which an individual might

search for one object at one moment and a different object at the next

moment (e.g., a jar of peanut butter and then a jar of jelly when making a

peanut-butter-and-jelly sandwich). To test this possibility, Woodman et al.

(2007) compared the standard laboratory situation, in which the target

remains constant for an entire block of trials, with a condition in which the

target varied from trial to trial and was indicated with a cue at the beginning
of each trial. Memory performance declined in the dual-task condition

compared to the memory-alone condition by a substantially greater amount

when the target was cued on a trial-by-trial basis rather than remaining

constant across trials. In addition, the visual search slope was steeper in the

dual-task condition when the target identity was cued on each trial rather

than remaining constant. Thus, when the visual search task clearly demands

the use of visual working memory, the visual search and visual working
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memory tasks interfere with each other in a way that was not observed here.

Similar results have been obtained when visual search is combined with a

spatial working memory task (Oh & Kim, 2004; Woodman & Luck, 2004),

presumably because spatial working memory is used to keep track of recently
searched locations (e.g., Klein, 1988; McCarley, Wang, Kramer, Irwin, &

Paterson, 2003). Similar results have also been obtained when the object

working memory task used here was combined with mental rotation rather

than visual search (Hyun & Luck, 2007), presumably because the repre-

sentation being rotated is maintained in the object working memory system

during the rotation process. Thus, the present pattern of results, in which

working memory performance is slightly disrupted by the appearance of the

search array, does not appear to support the proposal that visual search
necessarily requires the use of object working memory.
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